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IONOSPHERIC SIMULATOR SURVEY

A. E. Barrington, E. D. Schultz,
A. Sharma, J. 0. Sullivan

I. INTRODUCTION

The objectives accomplished during the contractual period and re-
ported here are as follows:

(1) Conduct a survey of the state-of-the-art with respect to sim-
ulation of the D and E regions of the ionosphere, specifically identi-
fying those parameters capable of being simulated simultaneously. It
should be borne in mind that the ultimate purpose of any facility that
results in totality or in part from this study will be used primarily
for research on measurement techniques associated with the ionosphere.

(2) Evaluate the techniques and/or methods for ionosphere simula-
tion, including those used in existing facilities plus any theoretically
applicable approaches and select the most promising for ionospheric sim-
ulation; particular emphasis should be given to possible tradeoffs be-
tween the feasibility of achieving a given parameter of particular
importance and total ambient simulation.

(3) 1Identify the necessary equipment to simulate the parameters
selected in Item 1 and prepare an optimum performance specification for
a possible Phase II requirement. Conceptual sketches to indicate the
practicality of a particular approach should be included where necessary.

A survey of existing facilities showed, not unexpectedly, that no
large-scale concentrated efforts are in progress at this time to sim-
ulate simultaneously the many various pertinent parameters of the
ionosphere.

Specific discussions with key personnel at Lewis Research Center,
Langley Research Center, Goddard Space Flight Center and Ames Research
Center indicated that an ionospheric simulation facility would be of
considerable interest; however, the only active programs at this time
are concerned with the production of low energy space-charge-neutral



beams to s}mulate the density of positive ions as viewed by a satel-
lite [1,2]7. The status of one of these programs in which GCA has
recently participated is reported in some detail.

The simulation of neutral density, temperature and thermal solar
flux were not considered in detail, since there exist many facilities
adequately capable of simulating these parameters. However, the sur-
vey demonstrated that many other interesting ionospheric parameters,
namely charged particles (positive and negative), ultraviolet and X-ray
radiation, and atomic oxygen can be simulated simultaneously with
various existing methods, although with certain restrictions, over the
altitude range from 50 to 160 km. It also became apparent, that cer-
tain novel approaches should be investigated theoretically. The results
obtained are promising and predict the feasibility of simulating the
charged particle density and atomic oxygen over parts of the D-region
by photoionization and photodissociation.

Consequently, it was possible to arrive at the conceptual design
of an ionospheric simulation facility and to identify the equipment
necessary for the simultaneous simulation of charged particle density,
solar uv and X-ray flux and the production of atomic oxygen.

“Number in [ ] throughout text indicate reference numbers.



II. CHARACTERISTICS OF THE D AND E REGION

Charged Particles

Charged particle simulation presents many problems whose solution
depends primarily on the altitude region being simulated. The reason
for the dependence on altitude is the fact that the production of
charged particles depends on the means of ionization as well as on the
density of the neutral gas to be ionized. Because of the finite
physical size of any laboratory simulation chamber, the effect of
chamber walls becomes predominant in simulating the E region where
the mean free path is long. It plays a relatively minor part in the
simulation of the D region where the mean free path is much shorter.
In consequence, a dual approach to the production of charged particles
becomes necessary, which far from being a disadvantage, will greatly
enhance the flexibility of a simulation facility.

The physical situation can best be discussed by first considering

the parameters of pressure, particle density and mean free path as a
function of ionospheric altitude (Table 1).

TABLE 1

TONOSPHERIC NUMBER DENSITIES

Altitude Pressure Temperature Number Density Mean Free Path
km torr og cm” cm
50 6 x 107} 270 2 x 10'° 1072
90 1x 1072 180 6 x 1003

160 3 x 10'6 1000 2 x 1019 2 x 10°

In the D region, for example, the mean free path varies from 0.1 mm
to 6 cm and the effects of chamber walls can be minimized for even a
moderately sized laboratory facility. In the E region, the mean free
path can be as large as 20 m, prohibitively large for simulation. How-
ever, the density of charged particles increases as we move from the



D region to the E region. In the D region, an average density of 104
particles/cm3 can be assumed from actual experimental data (Figure 1).
For the E region (Figure 2), an approximate positive ion concentration
can be obtained by assuming it to be equal to the experimentally meas-
ured electron density. As an additional basis for comparison, Figures
3(a) and 3(b) show the ion density profile for individual species at
higher altitudes [3].

Because of the large differences of neutral density, the methods
of producing ion densities of the order of 105/cc, which are essentially
independent of the ambient density, must necessarily be different. Let
us first consider the problem in the D region. According to current
theory [4], the primary formation mechanism for portions of this region
is the upper ionization of NO by solar H Lyman- (1215.68) whereas at
lower altitudes ionization of all constituents 1is produced by cosmic
radiation and by solar X-rays. Although the importance of the latter
processes is still subject to debate for quiet conditions, the role
played by X-rays in disturbed solar flare conditions has been estab-
lished beyond question [5,6]. Accordingly, solar flux simulation with
respect to D-region phenomenology would necessarily include X-ray and
H Lyman-Ct spectral regions. Theoretical estimates of the transmission
characteristics of these radiations in the terrestrial atmosphere are
shown in Figure 4.

Owing to its low altitude, the D region is characterized by a
relatively large density so that the attachment rate of electrons
especially to 02 is appreciable. Indeed, this process precludes the
buildup of relatively high electron densities which cause severe radio
frequency absorption in the region during disturbed solar flare con-
ditions.

In general, the complex interaction between solar radiation and
the ambient constituents of the region as well as the various dark
reactions (including electron-generating and electron-depression pro-
cesses and other chemical interactions) produces the classical electron
density profiles which are characterized by sharp altitude gradients
and significant number density variations for night-time, day-time and
disturbed conditions as illustrated in Figure 5. Caution should be
exercised in the use of the data presented in this figure since it has
been included to indicate the overall steady-state, static behavior in
the D region. 1In reality, this region exhibits a more irregular dy-
namic behavior than higher ionospheric regions. Accordingly, D-region
electron density profile simulation should reflect the dynamic range
illustrated in Figure 6 where actual measured profiles are presented
for the D and E regions. The caption below the figure defines the
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sources of information. It can be seen that only night-time D region
measurements of the D region were performed by GCA Corporation [7]
under a NASA contract and these show a strikingly decreased profile
activity level (curve 9). One may conclude that accurate D-region
simulation should incorporate the diurmnal and activity range of clec-
tron densities presented in the figure.

As noted previously, the highly irregular behavior of the D region
must be considered in greater detail in order to provide effective sim-
ulation of this facet of the dynamics of the region. There are several
and varied factors which have been viewed as probable sources of con-
siderable enhancement or depletion of electron density. For example,
the electron density profiles of Figure 6 which are typical of day and
night-time conditions exhibit a relatively wide diurnal fluctuation.

It may be inferred, therefore, that the achievement of these day-time
and/or night-time steady-state values requires transient periods dur-
ing sunrise and sunset. The salient features associated with these
transition periods are illustrated graphically in Figure 7. As the
shadow of the ozone layer moves to either permit or prevent near uv
radiation (2000 to 30008) from illuminating the D region, rapid trans-
itions in D-layer activity and radio-wave absorption can be expected
due to negative ion formation. Since it can be shown that the dominant
negative ion during the sunrise-sunset period cannot be O, (or any
other negative ion which can be photodetached by visible “light),
likely candidates are either NO, or 03 while more remote possibilities
include H™ and OH~. This screening effect has been verified recently
by a GCA Corporation rocket probe experiment conducted by Smith,

et al.[8],during the IQSY effort.

Another factor which sensitively affects the lower D region is
solar activity as illustrated in Table 2 which presents the pertinent
ionization rate coefficients at 2, &4, and 68. It can be seen that
these rates show a factor of 10° enhancement during strong solar flares
compared to the completely quiet sun condition. Clearly, this ioniza-
tion rate increase is directly reflected in the steady-state electron
density profiles corresponding to the specified solar conditions. This
rate increase has been verified during severe ionospheric disturbances
(SID) where strong radio-wave absorption is observed in the lower D
region. It may be noted, however, that the corresponding solar H
Lyman-C radiation has been observed to remain relatively constant for
the various solar conditions [9],so that upper D-region variations in
electron density activity levels are not quite so pronounced.

11
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At sunset the near UV solar radiation which
would otherwise illuminate that part of the
D-region lying to the left of line AB is
absorbed by the ozone layer when the sun
drops below the horizon with respect to an
observer at C. Coincident with the absorp-
tion of this radiation is the rapid decrease
in electron density (probably due to electron
attachment) in the region to the left of line
AB. The opposite effect (rapid detachment of
electrons when the sun's rays pass above the
ozone layer) occurs at sunrise,



TABLE 2

IONIZATION RATE COEFFICIENTS (Sec_l) AT 2, 4, AND 63

Solar Conditions 28 4% 68
Completely quiet 1.6 x 10_19 9.8 x 10_18 2.8 x 10-16
. -18 -17 -15
Quiet 1.6 x 10 9.8 x 10 2.8 x 10
. . -17 : -16 -14
Lightly disturbed 1.6 x 10 9.8 x 10 2.8 x 10
Disturbed 1.6 x 10710 9.8 x 101> 2.8 x 10713
. -15 -14 -12
Special events 1.6 x 10 9.8 x 10 2.8 x 10
Strong flares 1.6 x 10714 9.8 x 10-13 2.8 x 107t

Still other D-region dynamic variations have been observed at high
latitudes due to polar-cap absorption (PCA) effects and the influence
of aurora. In the former, the transient effects have been observed to
extend over several days whereas the extent of auroral effects persists
for a matter of hours. Concerning auroral phenomena (Type II), sig-
nificant correlation between this activity and the D-region phenomena
was recently obtained during a GCA Corporation rocket probe experiment
by Accardo, et al. [10]. This multiple instrumentation experiment per-
formed simultaneous measurements of X-ray, electron, and solar H Lyman-Ct
fluxes as well as the ambient electron density as functions of altitude.
Performing laboratory simulation of these transient phenomena appears to
be difficult but should necessarily be included in the proposed feasibil-
ity study.

Simulation of the D region requires modeling the physical parameters
of the predominantly neutral gas. Between 50 and 90 km the pressure
varies between 6 x 10~ to 1.2 x 1073 torr, the temperature range lies
between 18Q and 270°K, and the total number density varies from 6 x 10
to 2 x 1010 particles em 3. The bulk of the atmosphere consists of
molecular nitrogen and oxygen (except in the high D region where con-
siderable atomic oxygen exists), and small amounts of rare gases. Some
specific minor constituents which are known to exist in the lower portion
of the region include €0,, €O, CHy , N20, H2, etc., although their actual

13
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abundances are not accurately known. Atomic oxygen and ozone, which
are products of solar photolysis of molecular oxygen, have also been
recognized as important neutral ionospheric constituents. Figure 8
shows the abundances of several important species based on data pre-
sented by Bates and Nicolet [11]. Several recent theories have
associated specific D-region phenomena with OH, HyO0, NO, and various
trace elements such as sodium so that these should be considered in
the laboratory simulation feasibility study. Other species which
may significantly contribute to D-region phenomenology and thereby
merit feasibility study consideration include micrometeorites and
their vaporization products.

Experimental information regarding the existence of positive
ion species in the D region is limited to the measurements of Narcissi,
et al. [lZ],who reported positive ions of H O+ and NO+ in the altitude
range 64 to 82 km and Mg+, Na+, and NO' somewhat higher between 82 to
112 km. There is little theoretical basis for doubting that the cosmic
and X-ray flux contributions form Og and N} ions in the lower D region.
To date, unambiguous experimental observation of negative ions in the
D region has not been performed although the existence of specific
negative ions such as 03, 0, NOé, 0., H™ and OH™ have been postulated
from theoretical considerations. Notwithstanding the questions of
sources and distributions of these positively and negatively charged
constituents in the D region, suitable simulation of the ambient re-
quires their consideration.

The E region which is usually placed between 90 and 160 km is
characterized by a marked electron density peak between about 100 and
130 km. Superposed on this quasi-static structure there occurs
sporadic E which is both highly irregular and relatively unpredictable
and therefore presents extreme difficulties in simulation.

The normal E region is probably formed by ionization of the ambient
constituents by the solar X-ray flux between 40 and 1008 (131, although
recent results of Watanabe and Hinteregger [14], indicate that the primary
ionization source may be radiation in the 912 to 10308 spectral region.
During the solar eclipse of 20 July 1963, simultaneous rocket-probe
measurements of electron density profiles and solar X-ray flux between
44 and 608 were performed by GCA Corporation in the E region [15]. The
interpretation of these results strongly supports the X-ray hypotheses
since the observed electron density variation with percent solar ob-
scuration could only be explained in this manner. Accordingly, solar
flux simulation in the E region requires consideration of 40 to 100
and 912 to 10308 spectral regions. 1In the latter region, actual
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duplication of solar emission lines has been accomplished in the GCA
Corporation Ultraviolet Laboratory under a study concerned with ob-~
taining the total and photoionization cross sections for atmospheric
gases [16].

The major atmospheric constituents in this region are molecular
nitrogen, molecular oxygen and atomic oxygen; the latter due to the
solar photolysis of 0, as shown in Figure 8. This constituency
results in the generagion of O;, ot and N! ions as shown in Figure 9
which indicates the appropriate photoionization rate for these species
as a function of altitude. However, mass spectrometric measurements
have shown that the dominant ion in this region [17] is ot as indi-
cated in Figure 9(b) and Table 3. Accordingly, the 0" and N; ions in
this region must undergo further exchange reactions such as:

O+ + N2 -> NO+ + N

and/or

N;+O—>NO++N

. + .
to produce the observed predominant NO fraction.

Concerning E-region electron number density, (Ne) both theory
and observation suggest that its variation may be represented by the
following partial differential equation:

ON

e 2
ot 9 - OLeff Ne

where Q .. is the effective recombination coefficient and q is the rate
of electron generation. The loss of electrons typically proceeds via
dissociative recombinations:

NOT + e > N+ O,

N, + e >N+ N and

N+ N 4

O, +e -0+ 0.



TABLE 3

RELATIVE CONCENTRATIONS OF POSITIVE ION SPECIES

Fraction of Total Positive
Tons which are:

Rocket Altitude NZ o; NoT ot

Flight (km)
Ny 3.17 D 150 < 0.03 0.4 0.5 0.1
2321 CST 120 < 0.03 0.2 0.8 < 0.03
20 Nov 56 100 <0.03 0 1.0 ~ 0
NN 3.18 FCP 150 < 0.03 0.1 0.8 0.1
2002 CST 120 < 0.03 0.1 0.9 <0.03
21 Feb 58 100 < 0.03 0.1 0.9 ~ 0
NN 3.19 FD 150 <0.03 0.3 0.6 0.1
1207 CST 120 < 0.03 0.3 0.7 < 0.03
23 Mar 58 100 <0.03 0.4 0.6 ~ 0
NASA 4.09 (%) 150 ~ 0.01 0.3 0.6 0.1
1047 EST 120 ~ 0.01 0.1 0.9 < 0.05
20 Apr 60 100 ~ 0.0l 0.1 0.9 ~ 0
NAsA 4,142 150 ~ 0.01 0.4 0.4 0.2
1141 EST 120 ~ 0.01 0.2 0.8 < 0.05
15 Nov 60 100 ~ 0.01 ~ 0 1.0 ~ 0
USSR(32 150 0.1 .
h=-6e¢e 120 .. .es
9 Sep 57 100 . .
USSR(3Z 150 0.2 0.6 0.2
h = 36%n 120 0.3 0.7 ~ 0
2 Aug 58 100 0.2 0.8 ~ 0
USSR(z) 150 0.4 0.6 0.05
h = 0%n 120 . 0.2 0.8 ~ 0
13 Aug 58 100 . .. ... ..
USSR(z) 150 ... 0.3 0.7 0.05
h = 0% 120 . 0.1 0.9 ~ 0
22 Jul 59 100 ... ... ... ...
USSR(BZ 150 ... 0.4 0.5 0.1
h = 15% 120 ... 0.3 0.7 ~ 0
15 Jun 60 100 ... 0.1 0.9 ~ 0

(1) Johnson, Meadows and Holmes (1958); Meadows and Townsend (1960).

(2) Taylor

and Brinton (1961).

(3) 1Istomin and Pokhunov (1962); h indicates altitude of sun above
horizon, e and m denote evening and morning, respectively.

17
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Laboratory measurements and ionospheric observations based on ghe above
loss_processes suggest that O is of the order of 10~/ - 107% cm3
sec~l in this region. Experimentally, the measured steady-state elec-
tron densities in the E-layer range from about 10° to 1.5 x 10° elec-
trons cm™3 depending on such gross indicators of solar activity as

the ll-year sun-spot cycle. Accordingly, suitable E-region simulation
should consider the problems associated with the generation of a
slightly ionized plasma at the indicated pressure level in a chamber
of appropriate dimensions to accommodate the prescribed electron rate
and simultaneously minimize the effects of wall collisions. The

E region may be characterized uniquely by specific features not found
in the other ionospheric regions. For example, most micrometeoric
debris is vaporized and deposited at E-region altitudes which probably
results in atmospheric contamination by minor debris constituents and
by photoionization of the residence of such positive species as Mg+,
Ca’, Na+, etc. 1In fact, the continuous addition of micrometeoric
debris has been associated with the maintenance and presence of sig-
nificant irregularities of the night-time E region and has also been
associated with sporadic E. 1In the lower E region observations have
confirmed the existence and persistence of strong wind shear and tur-
bulence as indicated by sodium vapor experiments [18]. On a theoret-
ical basis this phenomenon has been associated with the formation of
sporadic E and experimentally checked by GCA Corporation rocket probes
with the multiple capability of simultaneously measuring both the
electron density and wind profiles over the altitude region of interest.
In contrast to lower altitudes, the E region is classically considered
as the beginning of the "low pressure regime" in the upper atmosphere.
As a consequence, above this region the formation of significant amounts
of negative ions can be precluded so that E-region simulation need not
consider this aspect of the problem. An additional consequence of the
low pressure is that diffusive equilibrium prevails above about 100 km
so that composition simulation must consider this factor. Finally,
the low collision probability at these low pressures enables electron
temperature to depart from the ion and neutral species temperature;
however, this effect becomes significant only in the upper E-region
altitudes [19].

Thus, it appears that the state of knowledge concerning the E
region is more complete than that of its lower counterpart, at least
with respect to parameters necessary and amenable to laboratory sim-
ulation. On the other hand, preliminary considerations indicate that
practical E-region simulation is extremely complex due to the charac-
teristic low pressures associated with mean free paths which are dif-
ficult, if not impossible, to accommodate in present-day vacuum chambers.

19



Solar Ultraviolet and X-Ray Spectrum

The radiation in the ultraviolet region is only a small fraction
of the total emitted by the sun. However, the ultraviolet radiation
is of primary aeronomic importance in the discussion of the simulation
of the D and E regions since most atmospheric gases absorb strongly at
wavelengths below 30002, and the absorption processes significantly
affect the chemical, thermal, and electrical properties of the upper
atmosphere. As a result of the cutoff at about 3000R of ground-based
spectral observations, most of our knowledge of solar ultraviolet
radiation has been obtained only during the past decade from rockets
and satellites.

Radiation in the 2000 to 2900% region is absorbed in the Hartley
bands and continuum of ozone between 25 and 75 km. Molecular oxygen
above 100 km is the primary absorber of radiation in the 1300 to
2000% region. Between 1000 and 13008, some radiation penetrates to
lower altitudes through narrow windows in the 0,. An important fea-
ture in respect to ionospheric formation is the penetration to 75 km
at onc such window of Hydrogen Lyman-C (12162). The intensity_ of 1
Lyman-@ at the top of the atmosphere is about 6 ergs cm” sec ! 87 s
or nearly one-half the total below 13008. Several solar emission
lines below 1000A are cut off by molecular nitrogen above 120 km.
Photoionization continua of 0,, 0, N,, and N absorb radiation at
wavelengths below 8008 at about 160 . At wavelengths shorter than
4002, the depth of penetration into the atmosphere increases. Soft
X-rays at wavelengths below 1008 are predominantly responsible for the
ionospheric E-region electron density. Hard X-rays below 10R wave-
length and radiation at wavelengths 1000 to 1300% contribute to the
formation of the D region.

In Figure 10, the altitude of unit optical depth, i.e. when the
solar radiation becomes equal to l/e of its value at the top of the
atmosphere, is plotted for the ultraviolet spectral region. 1In Fig-
ures 11 through 13, atmospheric transmission curves are shown for
several important emission lines and wavelengths. The ultraviolet
spectrum has been observed in detail to about IOOX, and the main out-
line is known to about 63. Beyond this limit our knowledge is sketchy;
however, during large solar flares, the detectable spectrum has been
extended to 1A, The visible and near ultraviolet spectral regions con-
tain a continuous emission background on which are superimposed tens
of thousands of Fraunhofer absorption lines of various intensities and
with increasing density toward shorter wavelengths. The continuum
emanates from the base of the photosphere and corresponds approximately
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to a blackbody at 6000°K. Toward the far ultraviolet, the cmission
occurs higher in the photosphere. At these wavelengths the continuum
falls abruptly, and at around 21003, the intensity of the continuum
becomes about equal to the core intensities of the Fraunhofer lines,
although these lines are still distinguishable to 15308. Radiation at
1300 to 1500% originates at the top of the photosphere and corresponds
roughly to a blackbody at 4700°K, the minimum temperature in the solar
atmosphere. Starting at about 18502, chromospheric emission lines arc
observable in the spectrum, and into the extreme ultraviolet region
they become predominant above the weakening continuum. Below 10004,
the emission lines occur predominantly in the corona. The spectrum

10 to 1000% resembles approximately a blackbody of 500,000°K. The
most predominant of the chromospheric and coronal cmission lines arec
the Lyman series and resonance lines of neutral and singly ionized
helium. Most emission lines above 800A have been identified while only
about one-half of those below 800X have been identified with certainty.

The intensity of the solar visible and ultraviolet emission varies
little throughout the solar cycle. However, the X-ray emission below
1002 is highly variable and is subject to both short-term and long-
term effects. X-rays at wavelengths 44 to 608 exhibit an increase by
a factor of seven from sunspot minimum to maximum. There is an in-
crease by a factor of nearly fifty for the 8 to 203 region and by
a factor of several hundred for 2 to 8%. Figure 14 shows the X-ray
energy flux for various solar conditions. The data were calculated
from X-ray photometer responses assuming a simplified form of the
unknown solar emission curve.

In 1962, GCA {24] published a presentation of the solar ultra-
violet flux from 50 to 3000A. A current literature search has dis-
closed that the material is still valid. Consequently, this data
on continuum and emission line photon fluxes, appearing in Tables
4 and 5 and Figures 15 through 19 will be used in the present study.
The compilation was based essentially on the work of Watanabe [25],
Hinteregger [26], Tousey [27), and Johnson [28].

Between 50 and 18503, the major emission lines were distinguished
from the continuum and are presented separately. The continuum and
weak lines are lumped together. The emission line data presented by
Watanabe and by Tousey were modified to reflect the most recent meas-
urements by Hinteregger. Beyond 18502, emission lines could not be
resolved from the continuum. Below 2838, the absence of emission
lines merely reflects the lack of experimental data.

In the near ultraviolet, the data published by Johnson and by
Tousey agree down to 24008; but at shorter wavelengths, they differ
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TABLE &4

SOLAR PHOTON FLUX - CONTINUUM TO 30008
AT THE TOP OF EARTH ATMOSPHERE

Ref.: (a) 0-16252; K.Watanabe (see Atmospheric Processes, P.Nawrocki
and R.Papa, Pergamon Press, 1962).
(b) 1525-26258; C.R.Detwiler et al., Ann. de Géophysique, 17,
263 (1961).
(c) 2525-30254; F.S.Johnson, J.Meteor., 11, 431 (1954).
258 E/Photonl Total Flux Photon Flux
- -2 -1 -1 -2 -1 -1
X ergs photon ergs cm sec (SOR) photon cm "sec (SOX)
N OB T ) (x 10'%
(a) 50 52.963 0.056 0.0106
100 21.185 0.075 0.0354
150 13.619 0.085 0.0624
200 10.088 0.130 0.129
250 8.0246 0.135 0.168
300 6.6666 0.072 0.108
350 5.7037 0.025 0.0438
400 4.9847 0.025 0.0502
450 4.4272 0.025 0.0565
500 3.9822 0.028 0.0703
550 3.6186 0.030 0.0829
600 3.3159 0.030 0.0905
650 3.0601 0.030 0.0980
700 2.8409 0.030 0.106
750 2,6511 0.030 0.113
800 2.4850 0.040 0.161
850 2.3386 0.150 0.641
900 2.,2085 0.167 0.756
950 2.0921 0.047 0.225
1000 1.9873 0.012 0.0604
1050 1.8926 0.028 0.148
1100 1.8065 0.079 0.437
1150 1.7278 0.144 0.833
1200 1.6558 0.185 1.12
1250 1.5895 0.150 0.943
1300 1.5283 0.125 0.818
1350 1.4717 0.150 1,02
1400 1.4191 0.175 1.23
1450 1.3701 0.250 1.82
1500 1.3244 0.350 2.64
1550 1.2817 0.450 3.51
1600 1.2414 0.580 4,67
(b)1550 1.2817 1.36 10.6
1600 1.2414 3.20 25.8
1650 1.2038 4,69 39.0
1700 1.1684 8.20 70.2
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TABLE 4 (continued)

SOLAR PHOTON FLUX - CONTINUUM TO 30002 AT
THE TOP OF EARTH ATMOSPHERE

A+ 258 E/Photon)\ Total Flux Photon Flux
Q ergs phot:on—1 ergs cm 2 sec-1 (502) L photon crn"2 sec-1 (SOR)-1
(x 10'11-) (x 1013)
%1750 1.1350 12.0 0.106
1800 1.1034 18.4 0.167
1850 1.0736 28.0 0.261
1900 1.0454 40.9 0.391
1950 1.0186 55.0 0.540
2000 0.99310 70.0 0.705
2050 0.96888 90.0 0.929
2100 0.94581 145.0 1.53
2150 0.92381 240.0 2.60
2200 0.90282 310.0 3.43
2250 0.88276 350.0 3.96
2300 0.86357 360.0 4.17
2350 0.84519 320.0 3.79
2400 0.82758 340.0 4.11
2450 0.81069 390.0 4.81
2500 0.79448 380.0 4.78
2550 0.77890 560.0 7.19
2600 0.76392 700.0 9.16
(c) 2550 0.77890 490.0 6.29
2600 0.76392 765.0 10.00
2650 0.74951 975.0 13.00
2700 0.73563 1115.0 15.20
2750 0.72225 1185.0 16.40
2800 0.70936 1325.0 18.70
2850 0.69691 1815.0 26.00
2900 0.68490 2510.0 36.60
2950 0.67329 3210.0 47.70
3000 0.66207 3140.0 47.40

*Reference (b) continued [note that at A = 1750A, photon flux changes from
(x 1010) to (x 1013)].
AF25

I
Total Flux I = . - —_—
o [_25 I () d ; Photon Flux Q E/Photon,

e P . he ) .
E/Bhotom, | pop () = E/PROtom 155 =5 <"x—25 + "x+25)/Ph°t°“x ;

E/Photon}\l = 1;\—C/Photonk ; he = 1.9862 x 10“16 erg cm
Ref. (b), (c)

Where data overlaps, photon flux was determined as per example at 16002:

Q1550 = <2Q(a)1550 T 2p)1550 >/3 ¢ 1600 = (Q(a)1600 * 2Q(b)1600>/3
Q| 1650 = Qg 6gg- ete-
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TABLE S

SOLAR PHOTON FLUX - EMISSION LINES TO 18508
AT THE TOP OF EARTH ATMOSPHERE

Ref: (a) 520-16008; K.Watanabe (see Atmospheric Processes, P. Nawrocki
and R. Papa, Pergamon Press, 1962). ’
(b) 1600-18508; C.R. Detwiler, et al., Ann. de Geophysique, 17,
263 (1961).
t(c) 283-1215.7&; H.E. Hinteregger, et _al., Private Communication
(flux measurements performed August 1961).

Identifica- Mean X\ E/Photo Photon
A tion in Group ™ Flux Flux
-2 -2
ergs cm Photon cm
) R ergs photon 1 sec-1 sec_1
x 10”1 x 10%)
+ 283 7.0184 0.04 0.62
t 303.8 He 1I 6.5378 0.3 3.8
t 335 5.9290 0.03 0.48
t 368.1 5.3958 0.03 0.60
+ 465.2 4.2696 0.01 0.30
t 500 3.9724 0.02 0.44
(a) 520 Si XII 3.8197 0.02 0.52
537 He T 3.6988 0.01 0.27
t 554 0 1V 3.5853 0.02 0.53
+ 584.3 He I 3.3993 0.05 1.6
+ 610 Mg X 3.2561 0.03 0.80
625 Mg X 3.1780 0.01 0.31
+ 629.7 ov 3.1542 0.04 1.4
770,80 Ne VIII 775 2.5628 0.015 0.58
+ 788,90 0 IV 789 2.5174 0.01 0.37
+ 833,35 0 II, 0 IIT 834 2.3816 0.01 0.46
t+ 865,85% 875 2.2699 0.05 2.3
935,45 ‘S VI 940 2.1130 0.0004 0.019
938 Ly ¢ 2.1175 0.005 0.24
t 949.7 Ly & 2.0914 0.007 0.35
+ 972.5 Ly 7 2.0423 0.01 0.47
+ 977.0 C III 2.0330 0.08 4.0
990* N III 990 2.0063 0.02 1.0
1011% C 11, etc. 1011 1.9646 0.005 0.25
+ 1025.7 Ly B 1.9363 0.05 2.5
1032,38 c VL : 1035 1.9191 0.07 3.6
1064 ,75% S IV 1069.5 1.8570 0.02 1.1
1085 N II 1.8306 0.06 3.3
1110% Si III, etc. 1112 1.7862 0.03 1.7

* Indicates a blend of lines of the same and/or other elements or an unresolved

multiplet.
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TABLE 5 (continued)

SOLAR PHOTON FLUX - EMISSION LINES TO 18508
AT THE TOP OF EARTH ATMOSPHERE

Identifica- Mean A Photon
A tion in Group E/Photonl Flux Flux
- -2
ergs cm photon cm

" 2 ergs photon-1 sec-1 sec_l

& 10710 (x 10°)
1127+ Si III, etc. 1127 1.7624 0.02 1.1
1134 NI 1.7515 0.01 0.57
1140 c1I 1.7423 0.02 1.1
1152% 0 I, etc. 1157 1.7167 0.04 2.3
1170+%* 1170 1.6976 0.03 1.8
1175 C III 1.6904 0.15 8.8
1190 1191 1.6677 0.02 1.2
1200 N I 1.6552 0.02 1.2
t 1206.5 Si III 1.6462 0.08 5.1
+ 1215.7 Ly o 1.6338 5.0 310.0
1239 NV 1.6031 0.03 1.9
1243%* N Vv 1245 1.5954 0.03 1.9
1260+ S I 1258 1.5789 0.03 1.9
1263* Si II 1265 1.5702 0.04 2.5
1277%* 1277 1.5554 0.03 1.9
1294% 1294 1.5350 0.04 2.6
1302,05,06 oI 1304.5 1.5225 0.18 12.0
1320* 1320 1.5047 0.06 4.0
1335,36 Cc II 1335.5 1.4872 0.30 20.0
1335* 0 I, etc. 1335 1.4659 0.05 3.4
1394 Si IV 1.4249 0.12 8.4
1403 Si IV 1.4157 0.08 5.6
1430% S I, etc. 1430 1.3890 0.03 2.2
1462%* 1462 1.3586 0.03 2.2
1480% S I, etc. 1482 1.3403 0.05 3.7
1527,33 Si II 1530 1.2982 0.07 5.4
1548 Cc 1v 1.2831 0.17 13.0
1551 C IV 1.2806 0.12 9.3
1560 C I, etc. 1559 1.2741 0.10 7.8
(b)1640.5 He II 1.2108 0.07 5.8
1657.0 C1I 1.1987 0.16 13.0
1670.8 Al TII 1.1888 0.08 6.7
1808.0 Si II 1.0986 0.15 14.0
1817.4 Si II 1.0929 0.45 41.0

* Indicates a blend

multiplet.
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by a _factor that reaches two at 22008. The two sets were joined at
26008 by the method outlined in Table 4. 1In the far ultraviolet,

the discrepancy between Tousey and Watanabe was not consistent, and the
two sets of data were arbitrarily joined at 1600A.

In Figures 15 through 19, the pure experimental data are plotted in
two clear and unambiguous presentations of the tabulation; the plots pro-
vide a convenient comparison of the contribution of major emission lines
with the contribution of the continuum and weak lines. As indicated in
the tabulation, some of the individual emission lines contain contribu-
tions from the same and/or other elements or unresolved multiplets.

The errors in the intensity values reported by the various sources
are as follows: for wavelengths longer than 26002, the maximum error is
10 percent; for wavelengths 500 to 2600A, a factor of two; 80 to 5002, a
factor of three; below BOX, again a factor of two.



IIT. REVIEW OF METHODS OF SIMULATION

Charged Particles

We first determine the feasibility of simulating charged particles
in the D and E regions. Considering the most up-to-date measurements
and the latest and most authorltatlve 11terature, the following species
are considered: 0;, 0;, 02, 0~, Not and NO2

Although it was ascertained that very few, if any, adequate charged
particle simulators are in existence, the literature was§ surveyed in
some detail to determine not only what was available but also what
laboratory experiments have been performed concerning the generation and
subsequent study of charged species in the laboratory. Singer and
Chopra [29] and Chopra [30] made some attempts with separate electron
and ion beams; however, in general, they were unsuccessful.

Studies by G. Wehner and B. Meckel, on the other hand, have been
promising. Their technique, in which a space-charge neutral low-energy
plasma beam is produced provides an experimental condition whereby the
motion of a satellite through an ionized medium can be simulated.
Meckel [31] has used a low pressure, high density, singly charged ion
plasma produced from a pool-type mercury-arc discharge system. From
this plasma, ions are extracted by accelerating them to and through a
mesh placed such that a fairly well defined parallel beam of ions is
produced with a predetermined velocity. 1In order to prevent space-
charge defocusing of the beam, a hot filament emits electrons in the
vicinity of the plasma and thus prevents the latter from acquiring a
localized charge density.

In Meckel's original setup, the operating parameters were a back-
ground pressure of 107° torr and an operating gas pressure variable be-
tween 5 and 0.001lp Hg permitting simulation from 82 to approximately
210 km. The mean free paths, therefore, are large under these experi-
mental conditions. 1In addition, the plasma characterlstlcs yield an
available ion thermal velocity in the order of 10° cm/sec which is
random in direction, an unidirectional apparent orbital body velocity
of 10° cm/sec, an electron velocity dlstrlbutlon which is random in
space averaging in the vicinity of 107 cm/sec and finally ion demsities
of 4 x 10® ions/cm3.

Other similar studies have been performed by D. Hall, et al. [32],
and E. Knechtel and W. Pitts [33]. Using a modified Cs ion engine, Hall,
et al. [32], have produced a dilute collisionless plasma whose density
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TABLE 6

SIMULATION OF NORMAL SHEATHS BY VARIOUS LABORATORIES [34]

(ZERO MAGNETIC FIELD)

NASA

20

SPACE STL RCA

n(en ™) 2x10% 3%10° - 1.2x10’ 108 1010

¢ applied (volts) - 0 - 400 -105 - -200 0 - --100

a (cm) 50 0.9 - 2.54 0.95 = 1.25 0.5

T (°R) 2x10° 1.54x10° - 1.54x10" 3,28 x 10° 7.74x10° (1 ev)
V_(n/s) 10* 1.1 x 10% 8x10° - 1.6x107 2 x 10*

W (cm) 0 20 5 20

M (Kgms) (He) 6. 68x10" (Cs)2.22 x 1072 (Hg)3.36 x 1072 (Li)1.169x10"
NM/m 85.6 494 608 113.5




ranges from a maximum of about 106 ions/cm3 to approximately 103 ions

for detailed studies of wake structure. This, of course, simulates
altitudes from several hundred km to approximately several thousand km,
Knechtel and Pitts [33] have made some experimental investigations of
electric drag on satellites with apparatus modeled after Meckel's system.

Another system which allows ions to be simulated under some geo-
physical conditions has been advanced by I. P. Shkarofsky [34]. 1In
essence, his apparatus involves firing a condenser bank and ionizing
metals (such as Ba, Na or Li) which are coated on the electrodes. Rather
high ion velocities and densities are obtained, namely 3 x 106 cm/sec and
1012 jons/em3 respectively. Some decrease in ion density is noticed as
the stream is allowed to expand. However, these fluxes are still some-
what excessive for ionospheric simulation. Table 6 summarizes some of
the pertinent parameters that were obtained by laboratory simulation in
some of the laboratories under zero magnetic field. Other pertinent
data are given in Table 7, in which a comparison of parameters found in
nature and in the laboratory generally are summarized.

TABLE 7

COMPARISON OF PARAMETERS FOUND IN NATURE AND IN LABORATORY [35]

Charge
Characteristic Particle Particle Magnetic
Length Density Velocity Field,
cm em™3 cm/sec gauss
Galaxy 1022 10° R 1078
Magnetosphere 1010 10t 10’ 1073
Ionosphere 10 103 - 106 .o 1(:)-1
Laboratory 10° - 10t 10%2 - 10%° 10% - 107 10% - 10°

As part of this review, it is considered appropriate to mention some
solar wind magnetosphere simulation studies with zero magnetic field.
These were performed primarily by Osborne, et al., [36], Bostick, et al.,
[37], Claids, et al., [38], and Rawashima [39]. The state of art is sum-
marized in Table 8.
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TABLE 8
EXPERIMENTAL PARAMETERS FOR SIMULATION OF SOLAR WIND-MAGNETOSPHERE INTERACTION

SOLAR WIND

DIPOLE FIELD

Trapped Strength
Charged Electron Magnetic at
Particle Tempera- Velo- Field Equator Terrella
Density ture Duration city Ton Strength Duration of Terrella Radius
(cm™3) (°x) (sec) (cm/sec) Species (Teslas) (sec) (Teslas) (cm)
SPACE 5 2%10° 10*(Tnitial  5x107 u 5x10™7 o 3.11x107>  6.37x10°
_____________________ L
13 4 6 -3
OSBORNE ET AL 2x10 3x10 20 2x10 Na,Ba 0 5x10 0.4 3
(1964) (RCA
VICTOR, CANADA) | L L L L L L L o e e o e e m e e e e e e e e e e e e e e e e e e e e e e -
CLADIS ET AL sx1012  2,3x10" 204 6x10° H, 0 not 0.074 2.9
(1964) (LOCKHEED Specified
LTt
14 6 -4 .
BOSTICK ET AL 10 not 10u 2x10 Cu 0 2.7x10 0.25 Rect.coil
(1962) (STEVENS specified (lcwm in Scmx37cm
INST., U.S.A.) front) (2dim.
_________________________________________________________ dipole) |
KAWASHIMA ET AL 101 not 154 3x10°  He,a 0 4x10™% 2 1
(1964) (UNIV, OF specified
TOKYQ, JAPAN) _ | | | L o o o e o o o e e e e e m e e e e mmem et e et e e e e e e e e m e e e -
DANIELSSON AND 14 15 A 6 -2 1102
LINDBERG(1964) 10°7-10 1.55x10 60p. 5x10 Hz 10 7x10 not {fied 1 1.1
(ROYAL INST,, specille
SWEDEN) L L L e e e e m e e e e e e e e e m e m e m e e e e e e e e e e e e e e e e e e o -
SCALING FACTORS ~1013 ~0.1 ~5x107? ~0.1 2-137  0-1.4x107 - ~10% -5x10" "
(characteristic (characteris-
Time Scaling tic Length
Factor) Scaling Fac~

tor




Photoionization simulator. Notwithstanding some of the uncertain-
ties of charged particle production and composition, the possibility
exists of approximating the charged particle density of at least a part
of the D region by photoionization, particularly since radiation sources
in the uv and X-ray region are available which can produce radiation
fluxes considerably in excess of the solar flux.

This mechanism of ion production has important implications, since
it would facilitate, over a limited volume, at least, a good simulation
of thermal charged particle densities in the presence of a relatively
high neutral ambient density. One could thus, for example, perform cali-
bration of Langmuir probes at a simulated altitude level where probe

behavior is not amenable to theoretical evaluation.

To demonstrate the feasibility of simulating the charged particles
in a simulation chamber by photoionization, the following calculation is
performed for an infinite cylindrical vessel of radius R,. The vessel
contains a gas which is ionized by an infinite co-axial cylindrical
beam of ionizing radiation of radius R1 (Figure 20).

The following processes are responsible for the distribution of
ions:

Tonization: The rate of ionization at the operating pressure is
assumed to be qp ions/cm” /sec.

Diffusion: The diffusion is assumed to be ambipolar with a dif-
fusion coefficient of Dap cm“/sec at the operating pressure.

Recombination: The recombination coefficient of positive ions with
electrons is O cm’/sec at the operating temperature.

The steady-~state distribution of ions within the region of the
beam of ionizing radiation is given by

2 2
Dapvn-Otn---qp (1)

and that outside the beam is given by the same equation where q_ is zero.
Equation (1) is not analytically solvable for a cylindrical geohetry.
Therefore, we shall first consider the distribution of ionization under
diffusive equilibrium alone. Later on, we shall find the effect of recom-
bination on the steady-state diffusive distribution. Neglecting recom-
bination, i.e., neglecting the second term of the lefthand side of
Equation (1) we have
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ap V2 =" q, (2)
2 q
or, vVvn= - BE_
ap

which is Poisson's Equation with a source function qp(r) such that

qP(r) =q for r <R

(3)
and qp(r) =0 for r >R

Equation (2) can be solved in cylindrical polar coordinates (r, ¢, z) for
source function (3) and the boundary condition,

n=o0 for r = R2 4)

The steady-state distribution of ionization, subject to the above
boundary conditions, for a point source situated at (r , ¢ ) inside the
cylinder is given by [40].

a,(r,s ¢)

n(r, ¢/ro, ¢0) = i Dap {%(r, ¢/ro, ¢o) + 2 4n R2

[~}
2
_22
n=1
where G(r,¢/ro ¢ ) is the appropriate Green's function. If the source

function is indegendent of the length z of the cylinder and is only dis-
tributed as q(r°¢o), the steady-state distribution is given by,

2x r R
_ 1 2
n(r,¢) = I f d¢o f r, dro [4n <—-—r >

Cos [n(¢o - ¢)§ &)




-] n n
1 rr r, )
_z - 5 - — Cos n(¢o-¢)] qp(ro,¢o)
R T
n=1 2
R -
2 R2 =, 1 r n rn rn
+L/\ r d £n \> - >L —_— 2 - ol
o ro r, n R 2n ro
r n=1 2
x Cos n (¢o- 9) qp(ro,¢o) (6)

Since the present source function is isotropic and only depends on r
as given by (3), we find that Equation (6) reduces to

R r
n(r) = Dl in(—%—) f qp(ro) r, dro
o

ap

Ry
R2
+f £n <ro> qp(ro) r dr0 (7
r

Integrating the above equation with a source function given in (3) we
have,

q
2 1 in 2 + L Z (8

n(r) =
ap 1

which gives the steady state diffusive distribution of ions within the
region of the beam of ionizing radiation.

The distribution of ions, outside the beam of ionizing radiation
is given by

YV =0 (9)

which is Laplace's Equation. The solution of Equation (9) with boundary
condition (4) is given by
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q R R
n(r) = 5P L 4n —2 (10)

ap

Substituting the appropriate values of q_ and Dap in Equations (B)
and (10), we can calculate the distribution of ions in a vessel of
cylindrical symmetry. We shall now discuss the processes and parameters
necessary to calculate this distribution.

Tonization

Photoionization. The rate of ionization of a gas is given by
Ghosh et al. [411].

—
\

4, =P, n =) a@ K ka9 an
14
d Po= ) amm. K. k (12
an 2= /, " o vz v )
v

where

Pz - probability of ionization of the gas
at a distance z from the entrance

n(hv)o - photon flux of wave number Vv at the entrance

kv - absorption cross-section of the gas which is assumed
to be equal to the photoionization cross-section

K. - is transmission coefficient of the gas column of
length 2z

np(x) - concentration of gas molecules at pressure p

The summation is to be carried over the wavelength region which produces
the ionization of the gas. The transmission coefficient in Equations

(11) and (12) is given by,

sz = exp( - np(x) .« Z . kv) (13)
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For low gas pressure and small length z of the chamber for which

np(x) z kp <1, - (14)

K. is assumed to be equal to 1. Under the above conditions the rate of
production of ions is independent of z and is given by

qp = ;z n(hv)O kv np(x) (15)

v

The probability of ionization of gases can be computed from the known
absorption cross sections of the gases and the photon flux of the ultra~
violet sources.

McDaniel [42] has summarized current information of the photo-
ionization cross section of atmospheric gases. The optical absorption
cross sections and the region of photoionization for different atmos-
pheric gases is given in Table 9.

TABLE 9

OPTICAL-ABSORPTION CROSS SECTIONS OF ATMOSPHERIC GASES
AT VARTIOUS WAVELENGTHS

Molecule KThreshold(X) Kmax(x) kmax,cm2
N, 800 700 + 100 2.2 x 1077
o, 1050 600 + 200 2.0 x 1077
NO 1250 900 * 50 1.5 x 1077
co 800 600 + 100 2.0 x 1077

It is apparent from the table that the absorption cross sections in
the photoionization region of these atmospheric gases is about 10-17 cm?
and peak absorption lies between 950 and 400%. Considering the charac-
teristics of laboratory light sources of vacuum ultraviolet radiation,
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it_can be concluded that the following strong lines: Lyman & (1215.52,
1016 photon/sec), Lyman {3 (1025.73, ~ 1010 photons/sec), together with
others at lower wavelengths can be used for the photoionization of NO.
0, can be photoionized by Lyman B (1025.72, ~ 1010 photons/sec); C III
(677.03, 1010 photons/sec) as well as radiation at lower wavelengths.
However, Ny can be effectively photoionized only by He, I (584.5%, 1010
photons/sec). In Table 10 the photon flux (photon/sec) of the various
laboratory light sources of vacuum ultraviolet radiation is given
together with the appropriate absorption cross sections. Table 11 shows
the maximum photoionization probability of some atmospheric gases which
can be obtained in the laboratory. Table 12 shows the maximum rate of
ion production per cm” .at lu pressure. It can be concluded from Table
10 that with the available sources an ion production rate of about 106
ions/cm3 sec at lu can be obtained.

Ionization by fast electrons. The measurements [43, 44] of plasmas
generated by electron beams in gases in the pressure range of 107 to
1072 torr indicate that ion densities many times the electron beam den-
sity can be generated. At these pressures, the scattering suffered by
the beam electrons is very small. At higher or lower pressures, the
situation is different. At very low pressures, the plasma formed by
the beam is typically of about the same density as the beam. At high
pressures, the beam is scattered so rapidly that only very short
chambers can be used. However, in some cases, electron beam ioniza-
tion can be used in place of photoionization. The advantages of using
electron beam ionization are a higher rate of ion production and better
controllability of the electron beam density as compared to the photon
beam density.

The rate of primary ionization per cm3 produced by an electron beam
is given by

q = 1. N. o (E) (16)

where,

2 .
I = number of electrons/cm” sec in the electron beam

ionization cross-section of the gas by electrons of
energy E(eV)

o, (E)
N = number density of gas molecules in the vessel,
Recently, McDaniel [42] and Hasted [45] have reviewed the ionization

cross-sections of various gases by electron bombardment. The data are
summarized in Table 13,
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TABLE 10

ABSORPTION CROSS SECTIONS OF ATMOSPHERIC GASES AT WAVELENGTHS
OF THE STRONG LINES OF LABORATORY UV SOURCES

\ A (R)
\ JFlux . 1215.5 1025.7 977.0 937.8 584.5 303.8
Gas (Photoni{cm 1016 1010 l010 108 1010 107
sec 7) Lyman & Lyman B C III Lyman € He I He II
Nitrogen 2.4 x 1078 1.0x107% s2x10 1.07x 107 2.31 x 1071 1.21 x 107
Oxygen 1.85 x 10720 1,25 x 10718 3,98 x 107® 2.0x 1077 1,19 x 10717 1.66 x 107
Nitric Oxide 3.7x 1078 1.07x 10717 2,29 x 10717 1.55 x 1077 2.4 x 1077 .65 x 1077
Carbon Monoxide -- <1l.5«x 10-20 4.0 x 10-18 1.5 x 10-17 2,26 x 10-17 A4 x 10"17




6%

TABLE 11

PROBABILITY OF IONIZATION, P sec™!

2 Q) 1215.5 1025.7 977.0 937.8 584.5 303.8
Gas
Nitrogen 0 0 8.2 x 107 1.07 x 107 2.31 x 107/ 1.21 x 10710
Oxygen 0 1.25 x 1078 3.98 x 1070 2.0 x 107° 1.19 x 1077 1.66 x 10°'C
- -7 -7 -9 -7 : -10
Nitric Oxide 3.7 x 10 1.01 x 10 2.29 x 10 1.55 x 10 2.4 x 10 1.65 x 10
Carbon Monoxide 0 0 4.0 x 1078 1.5 x 1077 2.26 x 10~/ 1.14 x 10710




(119

RATE OF PHOTOIONIZATION AT 1lu (ions/cma/sec)

TABLE 12

Gas q(1215.54) (1025, 74) (977.04) q(937.84) q(584.54) q(303.84)
Nitrogen 0 0 2.9 x 10° 3.83 x 10° 8.3 x 10° 4.35 x 10°
Oxygen 0 4.5 x 10° 1.43 x 10° 7.2 x 10% 4.3 x 10° 6.0 x 10°

Nitric Oxide 1.33 x 1070 3.62 x 10° 8.25 x 10 © 5.6 x 10° 8.6 x 10° 5.95 x 10°

Carbon 0 0 1.44 x 10° 5.4 x 10° 8.15 x 10° 4.1 x 10°

Monoxide




TABLE 13

IONIZATION CROSS-SECTION (cmz)
ELECTRON ENERGY

Electron

Energy 50 eV 100 ev 1 kev 100 keV 1 Mev
Gas
H, 1.22 x 10718 131 x1071® 2.7x 10717 1x10°'® 3.5 x 10717
N, 2.22 x 10°2% 2,63 x 1071% 1.00 x 1071% 2.4 x 10710 1.5 x 1071®
0, 2.13x 107%% 2.9 x1071% 1.1 x10°1® 2.4 x 10710 1.5 x 1071°
co 2.56 x 107% 3.06 x 107%% 1.0 x1071% 2.6 x 1071 1.4 x 1071°

It is aEparest from the above table that the ionization cross-section
of about 10-16 c¢m® can be assumed for the ionization of atmospheric gases
by high energy ( ~ keV) electrons. Assuming a pressure of lp and an elec-
tron flux of 1y A/cm”, we find that the rate of ionization is given by,

6 x 1042 x 3 x 10" x 107'® ions/em® sec.

0
0l

=1.8 x 1010 ions/cm3 sec.

The maxigum rate of ionization at this pressure by photoionization is
about 10 ions/cm3, which is about four orders of magnitude less than
the rate of ionization produced by electron impact. The above rate
of ionization can be further increased by increasing the flux of the
incident electron beams.

Diffusion. The diffusion of electrons and ions through a gas is
an important process for controlling the distribution of ions in an
ionospheric simulator. If the density of ionization is low, each
charged particle species should be considered as an independent gas.
The charged particles of either polarity, namely electrons and positive
ions, diffuse through the neutral gas without appreciably interacting
with particles of the same or of opposite charge.
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Fick's law of diffusion states:
J=-pD vn (17)

where J is the particle current density, D is the diffusion coefficient
andn is the density gradient of the diffusing particles. The above
equation holds only in binary mixtures at uniform temperatures and
pregssure. It can be shown that even with an ion density of 1012 jons
em™3 the thermal energy of ions is several times greater than the
average potential energy of electrostatic interaction between ions.

For ion concentrations less than 107 - 108 ions cm™-, space charge
effects are negligibly small and the electrons and ions diffuse indepen-
dently.

The mutual diffusion of a single particle (electron or ion) in a
gas depends on the type of interaction between the two. According to
the Chapman-Enskog theory, the ion-atom mutual diffusion coefficient

is given by

' 2 11 ) /2 L+e, 18
12 16 M (N1 + N2)P12
where, w 9
5 - M v /2 kT
P, = L/A v,© g (vo) e dVo (19)
o
and o
qD(vo) = ZHg/- (1L - cos )b db (20)
o

where Mr is the reduced mass of the ion-molecule system, N; and Ny are,
respectively, the gas and ion number densities, €  is a second order
correction which is usually less than the experimental error. The ionic
number density N2 is usually less than the gas density N1 and, therefore,
can be ignored. P is an average of the diffusion cross-sections and
depends on the nature of the ion-molecule interaction through the impact
parameter b and scattering angle 8., Therefore, the diffusion coefficient
can be obtained from the theoretically computed diffusion cross-section

qD‘



The information regarding the diffusion coefficient of ions in
gases can also be obtained from reduced mobility data. The relation
between the reduced mobility and the diffusion coefficient is given
by [42]

K 1.16 x 10%
D. T
i

(21)

where T is the temperature of the gas. The abzve relation is exactly
correct for an interaction potential V(r) & r~ " only. Table 14 gives
the reduced mobility of some atmospheric ions in their parent gases.

TABLE 14

MOBILITY OF GASEOUS IONS

Ion Gas Mobility (cm2/volt-sec)
+
H2 H2 12.0
+
N, N, 1.8
+
02 02 1.6
+

co Cco 2.25

A representative value of about 50 cmzsec_1 for the diffusion coefficient
of atmospheric ions is obtained at 273°K and 1 torr pressure, correspond-
ing to the reduced mobility of about 2.5 cmz/volt-sec.

The relation between the electronic mobility and its diffusion
coefficient is given by the following modified expression [42]:

Ke
e

where 1 equals the ratio of the mean translational energy of the elec-
trons to the mean thermal energy of the gas molecules. It should be
noted that electrons produced by photoionization of gases will have
the excess energy of the photon. The energy possessed by the photo-
electrons is equal to h(v - vo) where v, is the threshold frequency of
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ionization and v is the frequency of the ionizing photons. Therefore,
the diffusion coefficient of the electrons should vary with the wave-
length of the ionizing radiation. It may also be noted that high-
energy secondary electrons are produced during the ionization of gases
by fast electrons. However, from the published data [42] of electron
drift velocities, it may be concluded that the diffusion coefficient
of low energy (approximately thermal) electrons in atmospheric gases
is about 5 x 10% cm?/sec at 273°K and 1 torr.

In the above discussion we have considered the free diffusion of
ions and electrons, neglecting the effects of electrostatic interaction
and space charge, fields. The diffusion of electrons is much more rapid
(De ~ 5 x 10% cm /sec™! at 273°K and 1 torr ) than that of positive
ions (Di ~ 50 cm?/sec at 273°k ang 1 torr ). Therefore, even at low
ion densities (Nl <10 ions cm ~) where electrostatic interaction
between ions is negligible, the more rapid diffusion of electrons can
produce net space charge field of considerable magnitude. This space
charge field accelerates the diffusion of positive ions and retards
the diffusion of electrons. Therefore, under equilibrium condition,
the electrons and ions diffuse together with a common diffusion
coefficient given by,

D. K + D K,
ie e i

Da - K., + K (23)
i e

where Dl and D represent the diffusion coefficients K and K the
mobilitiIes of ions and electrons, respectively.

If a thermally-equilibrated plasma consisting only of electrons
and positive ions is contained in a vessel, the faster-moving electrons
tend to diffuse outward to the container wall. The excess positive
charge left behind then retards the electrons. However, the difference
between the distribution of positive ions and electrons can only be
maintained within a certain distance in the plasma, which is known as
Debye shielding distance, XDe' For an ion in a plasma this is given by

1/2
€ kTe
Me S| T 2 2%

4t e” n
e

The free diffusion of electrons and ions can only be maintained in a

vessel of dimensions less than xDe. However, if the dimension of the



vessel 1s larger than , the diffusion of ionization is ambipolar. In

a large vessel the diffusSion of ionization in a region near the wall (dis-
tance < A_ ) is free, and in regions distant from the wall (distance >> A_ )
it is amblgolar. Table 15 shows the Debye length for the plasma of dif- ¢
ferent electron densities.

TABLE 15

DEBYE LENGTH vs. ELECTRON DENSITY

n(e) eleCtrOns/cm3 KDe(cno
! 121
10 38.2
102 12.1
103 3.82
4

10 1.21

It is apparent from the above table that near the wall of the vessel
the distribution of ions and electrons may be considerably different
from that calculated from the ambipolar diffusion equilibrium. How-~
ever, the assumption of ambipolar diffusion in the central region of
a simulation chambeE of about 100 cm diameter is valid only down to

ion densities of 10° ions/cm®. The ambipolar diffusion coefficient of
about 150 cm® sec” " may be assumed for the atmospheric ions in atmos-
pheric gases. Representative values of the diffusion coefficient are
listed in Table 16.
TABLE 16
DIFFUSION COEFFICIENT AT 1 TORR AND 273°K
. . 4 2 -1
Free Diffusion Electron 5 x 10" cm sec
Positive ions 50 cmzsec-
Ambipolar Diffusion 150 cmzsec-l
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Recombination. The recombination of a positive ion with an elec-
tron can proceed by the following mechanisms:

(i) Radiative Recombination

AT +e-A+hv

(ii) Dielectronic Recombination

AV +e A" > A" + v

(iii) Dissociative Recombination
BT +e > A"+ B

(iv) Three body recombination
+ 1
A +e+M—-A+M

The mechanism (iv) is significant only at high pressures and, therefore,
can be neglected in ionospheric simulation studies. Dissociative recom-
bination (iii) is only possible for polyatomic ions. In general, the

rate coefficient of the dissociative recombination is several orders

of magnitude higher than the first mechanisms (i) and (ii). Therefore,

in the case of molecular ions, the recombination is controlled by dis-
sociative recombination. The mechanisms (i) and (ii) are mainly respon-
sible for the recombination of atomic ions. 'The recombination coefficients
of some ions of interest are given in Table 17 [42].

TABIE 17
RECOMBINATION OF POSITIVE IONS

Ions Mechanism Rate Coefficient(cmB/sgg)
+ . . . . -12

0 Radiative Recombination 3-2 x 10
+ . . . . -12

H Radiative Recombination 4.8-3.1 x 10

N2+ Dissociative Recombination (2.8 * 0.5) x 10-7
02+ Dissociative Recombination (1.7 £ 1) x-10-7

NO+ Dissociative Recombination 3.2 x 10—7




Calculations. The distribution of ionization in an ionospheric
simulator of cylindrical symmetry can be calculated from Equations (8)
and (10). The expressions within brackets depend on the geometry of
the cylinder and the distance r at which the ion density is required.

We assume that the radius of the vessel is 50 cm and that of the ionizing
beam is 1 cm. The distribution of ionization is calculated for ambi-
polar diffusion. From Table 16 the ambipolar diffusion coefficient is
given by

5
- 1.5 x 10 (25)

ap p

where p is the pressure in microns. From Table 12, the rate of photo-
ionization as a function of the pressure p (microns) is given by

q = 106p (26)
P
Therefore /D is given b
q,/D,, is & y
b ___ 10°p?
5 = 5 (27)
ap 1.5 x 10

The calculated distribution of ionization with distance from the axis
of the cylinder is given in Table 18.

TABLE 18

CONCENTRATION OF IONS vs. PRESSURE AND RADIAL DISTANCE

Concentration of Ions

Pressure q * * % % %
Microns BE_ no n1 n25 n40 n49
ap
1000 6.65 x 10° 1.46 x 107 1.30 x 107 2.3 x 10° 7.3 x 10° 6.6 x 10*
100 6.65 x 10% 1.46 x 10° 1.30 x 10° 2.3 x 107 7.3 x 10° 6.6 x 10>
10 6.65 x 10° 1.46 x 10° 1.30 x 10° 2.3 7.3 x 107! 6.6 x 1072

" .
“The subscript denotes the radial distance from the axis of the cylindrical
chamber.
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It can be concluded from Table 18 that ion concentrations comparable
to the maximum ionospheric concentration can be obtained at a pressure of
abogt 1005 by photgionization. The Debye length at these concentrations
(10 107 ions/cm™) is much smaller (< 4 cm, Table 15) than the dimension
of the vessel. Therefore, the principal mode of diffusion is ambipolar
diffusion.

'In order to estimate the effect of recombination on the diffusive
distribution of ions, we now compare the rate of ionization with the
rate of dissociative recombination. We also compare the equilibrium con-
centration of ions when dissociative recombination is the predominant
mode of loss of ions with that when the diffusion is the predominant loss
process of the ionization. The calculated values Qf the rate of ioniza-
tion q, the rate of dissociative recombination ¢ n”, and the equilibrium
concentration of ions under dissociative recombination n, =JTF are
given in Table 19. The dissociative recombination coef- o
ficient 0 is assumed to be equal to 1.7 x 10'7cm3/sec (See Table 17).

TABLE 19
2 n Debye length Debye length
Pressure qp an eq at the at the
Micron ions/cm ions/cm Nq/la axis, cm wall, cm
9 7 7
1000 10 5.9 x 10 5.9 x 10 0.03 0.48
8 3 7
100 10 5.9 x 10 1.86 x 10 0.31 4,85
10 10’ 5.9x 100 5.9 x 10° 3.12 48.5

The comparison of n (Table 19) with n_ (Table 18) shows that even up to
a pressure of 1 torr, the diffusive equilibrium predominates under steady-
state conditions. The loss of ionization by dissociative recombination

is always less than that by diffusion, Diffusion is ambipolar at pres-
sures higher than 10p and free at lower pressures.

From the previous discussion it is apparent that the ionospheric
charged particle density (Figure 2) can be simulated by photoionization
over a cylindrical volume of approximately 50 cm diameter at an ambient
pressure of about 100y, corresponding to an altitude of 80 km. At higher
pressures (lower altitude), the charge density produced by photoioniza-
tion is too high, at higher altitudes it is too low.
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For the simulation of charged particle densities  at higher altitudes,
it becomes necessary to employ either an electron beam to ionize the gas
in the chamber directly or to employ an external plasma gun. 1In either
case, ionization can no longer be obtained under conditions of thermal
equilibrium

Plasma gun simulator. Whereas a good approximation to the appropriate
thermal equilibrium conditions of charged species (ions and electrons) can
be achieved by photoionization in simulating the lower D region, this is
not possible in the E region where the ambient neutral density is much
lower. Here, diffusion to the walls of a simulation chamber would be so
rapid that ion production by photoionization becomes impractical. A com-
promise solution has to be adopted which involves the production of a
space—char§e neutral plasma. As an example, electron densities as high
as 10® cm™ have been achieved by R. B. Cairns [46] of the GCA Technology
DiYﬁsion stiff. Cairns employed a mercury plasma over the pressure range
10 to 1077 torr to establish the electron collision frequency for these
densities but with no attempt to relate the data to the neutral or iomnic
species involved. One disadvantage noted in employment of this technique
was that a higher electron temperature than desirable was encountered,
but this feature was deemed unavoidable. 1In brief, the main purpose of
this simulation experiment was to test probe theory in the intermediate
region between collision-free and collision-controlled electron motion
under conditions which correspond to the terrestrial D region of the iono-
sphere. 1In a dynamic system, it is possible to achieve the pertinent
charged species number densities with a plasma gun of special design [31].
Such species are extracted from the plasma and accelerated to some desired
velocity (i.e., that appropriate to an orbital vehicle), and are then
space~-charge neutralized by electrons supplied from an auxiliary hot fila-
ment. This technique has recently been explored by the GCA Technology
Division under a NASA-sponsored program designed to simulate the ambient
conditions encountered by an Earth-bound satellite.

Only the energy of the positive ions can be controlled correctly.
The electrons introduced to space-charge neutralize the beam do not obey
a Maxwellian energy distribution and thus cannot be used directly to
calibrate Langmuir probes and other instruments for the measurement of
electron density and energy. The results of this investigation are
described in reference [1). In summary, GCA designed and constructed
a simulation chamber and mass spectrometer to test a plasma gun built
by Physics Technology Laboratories. The gun was designed to produce
an ion beam of variable diameter (1 to 15 cm),_variable energy (1 to
10 eV) with a current density of 2 x 10-8 A/cm , for molecular -and
atomic ions of the atmospheric gases.
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Although the development of the plasma source is not yet complete,
it was possible to show that energies of the order of 10 eV can be ob-
tained. Furthermore, it is possible to achieve exceptionally high rates
of dissociation of molecular ions (30 percent Nt ions from molecular
nitrogen). Anyone acquainted with the difficulties of producing low
energy plasma beams will appreciate the significance of these results.

Solar Ultraviolet Spectrum

The latest techniques concerning the simulation of the important
solar ultraviolet emission lines with various light sources have been
extensively evaluated. 1In addition, several of the staff members at
the GCA Corporation who have actively engaged in the research of vacuum
ultraviolet spectroscopy were repeatedly consulted. The consensus of
opinion of these studies -is presented below.

The most applicable method for simulating the solar ultraviolet
lines at the required intensities is presented in Table 20. Under these
experimental conditions the dc hot filament discharge lamp appears to
be the most appropriate light source. The Lyman & (1215.72) line which
is very important in the formation of the D region can be produced in
the laboratory monochromatically with sufficiently high intensities.
This can be achieved by using a 40 to 60 percent mixture of hydrogen
and helium and a LiF window,

The simulation of all other solar ultraviolet lines, however, will
necessitate differential pumping since these wavelengths lie below the
transmission cutoff of lithium fluoride. It is expected that the simula-
tion of the 304 HeII line will be difficult. This line can be produced
only under ideal conditions with a spark discharge lamp. Since more
than 90 percent of this line is absorbed by the atmosphere above 140 km,
it may be wise to avoid this line completely,

The design and performance details of the various light sources are
contained in the discussion of the conceptual design of the simulation
facility.

Solar X-ray Spectrum

Simulation parameters. Since 1949, the measurement of X-ray emis-
sion from the sun has been studied by Friedman and colleagues at NRL
[47]. British and Soviet observations have also been made [48, 49, 50].
These measurements have provided X-ray data distributed over almost a
full solar cycle, particularly in the 2 to 8, 8 to 20, 44 to 603, and
44 to 1008 bands of the X-ray spectrum. FEarlier NRL and Soviet observa-
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TABLE 20

SIMULATION OF SOLAR ULTRAVIOLET AND X-RAY FLUX
FOR THE D AND E REGION

19

R Ionosphere Solar Flux Léborat?ry Norwal MthOd of Other
Radiation Region (photons/sec) Simulation Simulation Instrumentati
& P (photons/sec) Lamp Gas nstrumentation
1215.58, D 3.1 x 107 1018 de Hy and  None
Lyman O filament Hg
discharge
1025.7%, E 3.1 x 10° ~ 1010 de H, Differential
Lyman B filament Pumping
discharge
977.08, E 2.5 x 10° 1040 dc €Oy, Differential
C III filament trace Pumping
discharge of 0j
a®. - 8 8 . .
937.84, E 3.1 x 10 10 dc Ho Differential
Lyman € filament Pumping
discharge
800-9103, E 1.2 x 1010 - Cannot be simulated.
Lyman (integrated)
Continuum
584-58, E 1.6 x 109 ~ 1010 dc He Differential
He I filament Pumping
discharge
303.88 9 7 . , ,
<08, - E 3.8 x 10 ~ 10 High He Differential
He 11 voltage Pumping
spark
discharge
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TABLE 20 (Continued)

s Ionosphere Solar Flux Léborat9ry Nor@al MthOd of Other
Radiation Reeion (phot / ) Simulation Simulation Inst rati
g photons/sec (photons/sec) Lamp Gas nstrumentation
10-1008 E 2 x 10 100° Soft
X-ray (integrated) X-ray
generator
Below D Only observed during the disturbed sun.
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tions were made mainly with ion chambers, Geiger counters, and photon
counters. All of these provided narrow band integrated intensities

over the respective bandwidths. A few were carried out with thermo-
luminescent phosphors. The U.K. satellite Ariel advanced the state-of-
the~-art by the introduction of the nondispersive proportional counter
spectrometer {51]. This instrument determines the shape of the spectrum,
but it cannot distinguish line emission. A further advance was recently
achieved by NRL with dispersive spectrum analysis. Several review
articles on the various experiments conducted, comparisons of the detec-
tors used, and analyses of the data have been published [21, 47, 52, 53].

The problem of the relative roles played by the solar X-rays (40 to
1003) and ultraviolet radiation (912 to 10308) in the formation of the
E region has yet to be resolved [13, 14, 54, 55]. A conservative ap-
proach, clearly, would be to consider both possibilities.and even to
extend the simulated X-ray spectrum to 10A. However, the initial inves-
tigation of this specific problem for the present contract supports the
X-ray hypothesis [15]. Accordingly, for optimum design only-40 to 1003
need be simulated for the normal E region. TFor normal solar conditions
in the D region, hard X-rays (1 to 108) need not be considered. Radiation
at these wavelengths penetrates to the D region only during enhanced
solar activity [5,6]. On this basis and also because quiet solar con-
ditions will persist for several years simulation of the solar X-ray
flux reduces to a relatively roatine task. Should consideration of
extreme solar conditions become necessary, simulation can be achieved
without difficulty but would require more elaborate and costly equipment.
The ranges in the operating specifications of the X-ray source proposed
for the present application permit the extension of the soft X-ray spec-
trum to 10A. For the inclusion of hard X-rays (< 102), two approaches
can be considered: a hard X-ray generator, specifically designed and
mounted within the chamber; alternatively, an industrial commercial
X-ray tube installed externally to one of the chamber ports. The photon
flux intensities of commercially available tubes are compatible with
the simulation requirements. Since a great variety of commercial sup-
port equipment is available for industrial X-ray tubes, the latter in-
stallation appears to be more economical and reliable, particularly
since its operation will be independent of the pressure in the simula-
tion chamber.

The fine structure of the solar soft X-ray spectrum has not been
determined to-date, although progress in instrumentation has made such
a measurement feasible for future probe missions [51,56]. Accordingly,
the most practical approach to simulation is the production of an
integrated intensity equal to the known integrated solar intensity. In
consequence, an expensive X-ray vacuum spectrograph, as has been des-
cribed by Kirkpatrick [57] for the wavelength range from 58 to 1208 is
not needed to simulate the spectral distribution.

63



The upper pressure limit of operation of a soft X-ray source
probably should not exceed 10~% torr. Because of the interaction’of
X-rays with the gas in the chamber (see Figures 21 and 22 for the
absorption cross section of air for X-rays), a glow discharge can
readily occur at the potential applied to the X-ray source. The
lowest representative altitude for soft X-ray simulation thus lies
between 100 and 105 km.

Laboratory production of X~rays. X-rays are usually produced in
the laboratory when the atoms of an element, mostly metallic, are bom-
barded with high energy electrons. The material bombarded is termed
the anode, or target. 1In modern practice, X-rays are generated in a
Coolidge~type tube evacuated to at least 10 torr, in which the elec~-
trons are emitted by a heated tungsten filament, the cathode. The
thermionic electrons are accelerated by a high potential difference
between anode and cathode. When an electron with sufficient energy
strikes the target, it ejects an inner-shell electron from one of the
target atoms. The resulting vacancy in the shell is immediately filled
by an electron from an outer shell with the emission of an X-ray quantum
of energy, hv, equal to the decrease in potential energy experienced
by the electron. When this occurs, a line spectrum, characteristic of
the element, is produced. In addition to the line spectrum, a contin-
uous background spectrum (Bremsstrahlung) arises due to the sudden
deceleration of those electrons striking the anode which do not eject
bound electrons. The X-rays thus produced are radiated through a
suitable window, which, in the most usual case, is the glass envelope
of the tube, but, in special cases may be a light-metal foil or thin-
plastic sheet transparent over the desired wavelength region of the
X-rays.

X~ray tubes with sophisticated modifications of the Coolidge-type
are available from industrial and commercial sources. Nearly all off-
the-shelf tubes have operating voltages in excess of 15 kV corresponding
to the hard to very-hard X-ray regions (< 18). One such tube, available
from Machlett Laboratories [58] uses a beryllium window with a peak
operating voltage of 40 kV (0.32 max.) and a plate current of 50 mA.
Although the X-ray cutoff of this tube extends to longer wavelengths
than tubes with glass windows, it occurs at 8%. This is much shorter
than the spectrum desired which extends to almost 100Z. Leading com-
mercial and industrial manufacturers were consulted regarding the
availability of X-ray tubes operating in the 10 to 100R region. Whereas,
in theory, a soft X-ray tube is simple enough to comstruct for most
specifications, none are apparently available commercially, primarily
because of their limited application [59]. Other possibilities were
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considered, for example, devices generating flash discharges [60]) and
monochromatic isotopic radiation sources. However, it was decided that
an optimum combination of all factors, namely, expense, availability
and performance could be met by a soft X-ray generator designed specif-
ically for the simulation of solar-X-rays in the ionosphere. This
generator can be mounted within the simulation chamber and obviates the
complexity of an external vacuum tube with appropriate transmission
filters for the desired spectrum,

Atomic Oxygen

Production of atomic oxygen. Oxygen exists largely in atomic form
in the ionosphere due to dissociation by the solar uv flux. As in the
case of the simulation of charged particles, we must distinguish between
methods of simulation depending on the neutral density of different
regions of altitude.

Photodissociation. We first consider the conditions required for
simulation of the atomic oxygen concentration by photodissociation.

The following processes are operative under equilibrium conditions:

(a) Photodissociation - Radiation from a Xenon lamp is a stron%
source of photodissociation of oxygen. The photon flux is about 101!
photon/cm“/sec at 1471%. The absorption cross section of 0, at 147138
is 10-17 cmz. Assuming the idealized geometry of Figure 23, the rate
of photodissociation is given by

4, = n(M) k() n(0,)

where n(hv) photon flux in the beam
k(v) absorption cross section
n(02) = concentration of oxygen molecules.

Substituting the value given above we have the atomic oxygen production rate,

2 x 1010 x 10717

2q

p X n(02)

2 n(02) X 10-1 atoms/cm%/sec

67



We calculate 2qp for the following pressure range:-

Path length for reducing
the incident photon flux

by 1l/e
Pressure n(02) 2qp cm
10p 3 x 1014 mol/cm3 6 x 1013 atoms/cm3sec 300
100u 3 x 1015 mol/cm3 6 x 1014 atoms/cmBSec 30
1000p 3 x 1016 mol/_cm3 6 x 1015 atoms/cm3sec 3

(b) . Diffusion - Assuming a diffusion coefficient of about
0.356 cm” sec-! at NTP or D = 270 cm”/sec at 1 torr, we obtain

Pressure D
10u 2.70 x 104 cm2 sec-1
100u 2.70 x 103 cm2 sec_1
1000w 2.70 x 102 cm2 sec-1

(c) Wall Recombination -

dn(0) _ 1l -
it = 7%z ¢© n(0) wall

where 7y is the recombination coefficient, and

¢ is the average atomic velocity

y for pyrex: 2 x 10-5; ¢ for atomic oxygen at 300°K:  6.24 x 104 cm/sec.

dn(0) _ 2 x 107 x 6.24 x 10%

It m n(O)/cmZ/sec
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Figure 23. Idealized geometry for distribution calculation

(d) Volume Recombination - The depletion of oxygen atoms in the
volume is due to the following processes:

0+0+0,~>0,+0, (1)
0+ 0, +0, >0, +0, (2)
o+03—>02+o2 3)

At room temperature

k, =4 x 10—33 cc2/molecu1es2 sec

1
k2 =4 x 10-34 ccz/molecules2 sec
=14
k3 =3 x 10 cc/molecules sec

where kn is the rate coefficient for the individual reaction.

Neglecting the volume reactions, the distribution of the atomic
oxygen in the region outside the beam is given by

DY?%l = 0
and in the beam region by

2
Dyn = -2
7 qp
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Assumiﬁg that the only loss of atomic oxygen is due to wall recom-
bination, the rate of surface recombination will be equal to the rate

of production; accordingly, we have

1A nw(O) c =2q x £

|

where nw(O) is concentration of oxygen atoms at the wall.

Assuming £ = 1 cm

2q 3
nw(O) =317 ¥ 10 atom/cm
3
Pressure nw(O) atoms/cm
10u 1.9 x 10™%
1004 1.9 x 10°°
10004 1.9 x 100

The above condition corresponds to about a 32 percent dissociation of
atomic oxygen. Under diffusive equilibrium the distribution of atoms
will be given by

n=n© f14@-x

Therefore, in the central region the concentration can be obtained from
2q/D and the geometry of the vessel. 2q/D at different pressures is given
by

Pressure 2q/D nw(o)
104 2.22 x 10° 1.9 x 10M*
1004 2.22 x 10°1 1.9 x 1052
10004 2.22 x 10%3 1.9 x 10+°
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Compared with n _(0), the 2q/Dterm has no appreciable effect and, there-
fore, the distribution of atomic oxygen under diffusive equilibrium and
surface recombination is uniform throughout the vessel, and is given by

nw(O).

After primary dissociation the composition is given by

Pressure 0 (02)
101 2 x 10t 2 x 10M*
1004 2 x 10%° 2 x 1077
1000u 2 x 1016 2 x 1016

We now calculate the effect of volume recombination.

The rate of the two processes governed by kl and k2 as a function
of pressure is given by

2 2

Pressure kl(O) (02) k2(0)(02) qp
104 3.2 x 10'° 3.2 x 10° 6 x 1003
100p 3.4 x 1013 3.2 x 102 6 x 10-%
10004 3.2 x 10°° 3.2 x 107 6 x 10°°

Thus, at 1000u the atomic oxygen will be depleted by volume reactions
but at a pressure of 100y or less volume reactions will not have an

appreciable effect.

The steady state concentration of ozone at these pressures is given

by
k
n(0,) = —— (0,)2
3 k 2
3
Pressure n(03)
8 3
10p 5 x 10" molecules/cm
100u 5 x 1010 molecules/cm3
10004 5 x 102 molecules/cm>

which is again negligible under the above conditionms.
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(e) Conclusions

(1) The recombination rate at the pyrex surface is negligible
compared with the rate of production. The distribution is practically

uniform.

(2) The concentration of ozone is negligible,
(3) The main process for volume recombination is

0+0+0,~0,+0,

2 2
33 cc /molecules sec

k =4x 10
(4) 1If the volume of the photodissociation region in the
vessel is v and the total volume is V then under the following conditions
the volume recombination rate is equal to rate of production:

Pressure Viv
10u 2 x 10°
1

100 2 x 10

(5) An atomic oxygen concentration of about 1014 atoms/cm3
can be obtained in a pyrex vessel at 10u provided the ratio of the vol-
ume of the vessel to the volume of the dissociation region is less than
1000.

Thus, the atomic oxygen concentration can be simulated realistically
over various portions of the D region.

It turns out that the pressure of 10 to 100y is too high for certain
simulation requirements, as for example, the calibration of mass spectro-
meters for atomic oxygen.

In this case, it may be possible to dilute the ambient density by
producing an outflow into an additional evacuated chamber from the vessel
containing the mixture of atomic and molecular oxygen produced by photo-
dissociation. This can be achieved readily through an aperture in a pyrex
or teflon disc. The resulting beam is directed into the ion source of
the mass spectrometer to be calibrated. The pumping speed in the second
chamber must be high enough to reduce the density of the background gas
at least an order of magnitude below the denmsity of the calibrating mixture.
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Atomic beam system. Rather than by photodissociation, a beam con-
taining about 20 percent atomic oxygen can_also be produced by microwave
discharge. A particle flux of 3 x 10! /cmz/sec has been produced over an
area of 2 cm“® in a system built by GCA for the Goddard Space Flight Center
which is described in GCA Final Report, Contract No. NAS5-3251, September
1964 (Figure 24).

This system is considerably more complex than the proposed photo-
dissociation chamber, but it facilitates the simulation of atomic oxygen
under conditions which apply to higher altitudes. The relevant references
to this method of atomic oxygen production are given in the above mentioned
GCA report.

Photoionization of atomic oxygen. The photoionization cross section
of atomic oxygen has been computed by Bates and Seaton [61], Dalgarno
and Parkinson [62] and most recently by Dalgarno, et al.[63] who listed
cross sections appropriate to some important solar lines with wavelengths
less than 9003. Recently this laboratory [64]) has produced the first
measurements of the total absorption cross section of atomic oxygen within
the wavelength range 910 to 504A. The various cross sections are listed
in Table 21.

Conclusions

A survey of existing methods of simulating the various parameters
of interest has shown that simultaneous simulation is possible for several
restricted altitude ranges of the D and E regions.

The literature survey was supplemented by various experimental and
theoretical studies which have greatly extended the scope and feasibility
of simultaneous ionospheric simulation.

(1) Simulation of the atmospheric charged particle density under
static, thermally realistic conditions can be achieved by photoionization
provided that a uv intensity level considerably greater than the cor-
responding solar intensity can be tolerated. This method of simulation
is restricted to the lower D region.

(2) Simulation of atmospheric charged particle density under dynamic
conditions can be performed with a low energy (~ 10 eV) space-charge
neutral plasma device. 1In this case, simultaneous simulation with the
solar X-ray and uv spectrum is possible. Ambient conditions for this type
of simulation correspond to the higher D region and the whole of the E
region.
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TABLE 21
ABSORPTION CROSS SECTIONS OF ATOMIC OXIGEN,
= 504 to 9108
) & (0) (cm?x10” AQ) (0) (em®x10” 18y
508.434 A III 13.3 725.542 A 1I 16.7
508.595 A III .
) 735.89 Ne I 14.3
551.371 A VI 13.2
: 743.70 Ne I 7.6
584.331 He I 11.9
758.677 0 V
585.754 A VII 12.3 759.440 O V
760.229 0 V 8.3
624.617 0 IV 760.445 0 V :
625.130 0 IV 13.0 761.130 0 V
625.852 0 IV 762.001 O V
636.818 A III 3.7 760.439 A IV 7.9
637.282 A III :
774.522 0 V 7.6
683.278 A 1V 11.8
779.821 0 1V 1.1
684.996 N TII 779.905 0 IV :
685.513 N III 173
685.816 N III : 822.159 A V 6.0
686.335 N III
832.754 0 II
699.408 A IV 197 832.927 0 III
700.277 A IV y 833.326 0 II 5.3
833.742 0 III
702.332 0 III 834.462 0 II
702.822 0 III 13.0
702.899 0 III y 850.602 A IV 5.0
703.850 0 III
901.168 A IV 4.7
715.599 A V 122 901.804 A IV .
715.645 AV ’




(3) Simulation of the solar X-ray and uv spectrum can be performed
" independently of and simultaneously with the simulation of all other
atmospheric parameters, provided a simulation chamber of appropriate
dimensions is chosen, which will probably not exceed 1 cubic meter.

(4) As in the case of atmospheric charged particle density, simu-
lation of the atomic oxygen concentration can be performed under static
or dynamic conditions. 1In the static case, simulation is restricted to
the D region and the effective volume will be restricted to a few liters.
Atomic oxygen will be produced by photodissociation in a concentration
of about 30 percent.

Alternatively, the atomic oxygen concentration can be simulated in
a chamber whose ambient pressure corresponds to the E region. This is
accomplished by means of a directed beam of oxygen which contains 20
percent atomic and 80 percent molecular oxygen. Simulation of this
parameter cannot be readily combined with charged particle production,
but permits simultaneous simulation of the solar X-ray and uv spectrum.
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IV. DETECTION OF RADIATION

Necessary prerequisites for the simulation of the D and E region are
the detection of radiation in the vacuum ultraviolet and X-ray regions and
the calibration of the detectors. Within the past fifteen years, many new
vacuum ultraviolet light sources have been developed. Concurrently, these
advances have stimulated the development of new photoelectric detection
methods. Monochromatic detectors have not been developed; however, in some
spectral regions, monochromatic detection can be approximated. Such narrow
band detectors when combined with selective thin-film filters, window materi-
als, and judicious use of grating monochromators have advanced the state-of-
the-art. Progress has also been made in the field of absolute intensity
measurements in the vacuum ultraviolet. Generally, the X-ray spectrum has
been extensively studied and many pertinent properties are known. However,
experimental methods for the measurement of the absolute intensity of the
soft X-ray flux pertinent to simulation techniques are practically nonexistent.
In the following sections, the various types of detectors developed for extreme
ultraviolet and, where appropriate, soft X-ray regions, together with the
latest techniques for their calibration, will be discussed.

Ultraviolet Spectrum

The detection of radiation below 20008 is discussed in terms of: (1)
photoelectric effect, (2) photoionization of gases, and (3) fluorescence.
Blackening of photographic plates is also an appropriate consideration;
however it will not be discussed further since it is the least versatile
of the four.

Photoelectric Effect. The '"surface" photoelectric effect is small com-
pared to the volume effect. The volume effect was unknown until the studies
of Kenty,[65] in 1933, on several metals. Very little quantitative data
had been obtained until the work of Hinteregger, Watanabe and Weissler [66,67]
who twenty years later measured the yield of a metal down to 500A. These
authors obtained yields (electrons released per incident photon) of the order
of 10 to 15 percent. The lack of suitable light sources .and means for deter-
mining the absolute number of incident photons prevented further work to
shorter wavelengths. Brunet, et al. [68] have made measurements below 5002,
but their results are relative. Using rare-gas ion-chambers, present studies
at the GCA Corporation are measuring yields down to 2008 on an absolute basis.

The selectivity of the photoelectric effect is effective in discriminat-
ing radiation above and below 1200%. Figure 25 shows a typical curve for
the absolute photoelectric efficiency as a function of wavelength
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of an aluminum cathode [69]. This curve is typical of many metals indicating
that these cathodes are particularly suitable for use between 200 and 12008
and can discriminate against both the X-rays and longer ultraviolet and
visible light. The use of more exotic cathodes such as thin laycrs of lithium
fluoride and strontium fluoride on the other hand is expected to give higher
yields in the 100 to 2004 region.

Photoionization of Gases. Experiments on photoionization of gases have
been conducted since the turn of the century. In an original experiment,
Lenard [70] inferred that ultraviolet light from air ionized by a spark was
capable of discharging an electroscope. However, subsequent measurements of
ion mobilitites indicated that the ions, particularly those produced in unfil-
tered air, were relatively large particles or nuclei and not molecular ions.
In order to eliminate large particles, Hughes [71] and others used carefully
filtered air; nevertheless, they found that ultraviolet radiation trans-
mitted by fluorite (transmission limit about 1240R) was capable of producing
ions of molecular size but radiation transmitted by quartz was not effective.
Since the ionization potentials of the constituents of air correspond to
wavelengths much lower than 12403, the observed ions could not have been
produced by direct photoionization, but possibly by a two step process, or
by ionization of some impurities such as mercury vapor, or by accelerated
photoelectrons. It is difficult to interpret the results of these early
experiments, since undispersed radiation was used and quantum yields were not
measured. Hughes and DuBridge [72] describe these experiments and explain
"that the state of odur knowledge regarding the ionization of these gases is
extremely unsatisfactory".

Several early investigators studied the photoionization of the alkali
vapors, taking advantage of the fact that these vapors can be ionized in the
region 2000 to 32008 where quartz optics could be used. Experimental techni-
ques, in particular, energy measurements, improved in studies utilizing
monochromatic radiation. Thus, many quantitative data were obtained, par-
ticularly by Mohler and co-workers [73] and by Lawrence and Edlefsen, [74].
The study of photoionization cross section of alkali vapors has been reviewed
and summarized by several writers [72,75,76].

Studies on the photoionization of gases almost ceased after 1930. It
was not until 1950 that the first thermocouple measurement of dispersed
vacuum ultraviolet radiation by Packer and Lock [77] and its application
to the absolute quantum yield of CaSO, :Mn phosphor by Watanabe [78] confirmed
the feasibility of photoionization ané photoelectric studies in the spectral
region below 2000A with dispersed radiation obtained from a vacuum monochro-
mator developed by Tousey, et al. [79]. In 1953, Watanabe, Marmo and Inn,
[80] and Wainfan, Walker and Weissler [81] reported on photoionization measure-
ments in the vacuum ultraviolet region. The former -group showed that accurate
determination of the ionization potential is possible by utilizing monochro-
matic light of 0.0l ev bandwidth, and ionization potentials for about 80
molecules have been reported [82,82]. Later, Sakai, Little, and Watanabe
[82] reduced the bandwidth to 0.001 ev.
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More recently, GCA Corporation has completed the measurement of the
yieidé of some 20 molecules in a study to find suitable gases for narrow
band ionization chambers. To produce narrow spectral band sensitivities it
is necessary to select the appropriate choice of window material and gas fill-
ing. The short wavelength cut-off is determined by the window material while
the long wavelength cut-off is determined by the ionization potential of the
sas. Table 22 indicates two possible narrow band ion chambers that could be
used for the detection of Lyman < (1215.78) radiation.

TABLE 22

ION CHAMBERS AND MEASUREMENTS

Spectral

] Chemical Window QE*
Gas Filling X Response o
Formula Material (g) %)
Carbon Disulfide CS2 LiF 1050-1240 50-60
Nitric Oxide NO LiF -1050-1350 10-50

hBased on a value of 81 percent for NO at Lyman alpha (1215.72)

Fluorescence. The technique for extending the sensitivity range of
standard photomultipliers down to the soft X-ray region is to coat the
outer glass envelope with a material which will fluoresce when illuminated by
uv radiation. Recently, many materials have been studied [83]. Anthracene,
stilbene, sodium salicylate, oil, coronene, and a host of other materials
will fluoresce. However, the most generally useful material is sodium
salicylate since it has a high quantum efficiency and is reported to have
a sensitivity which is independent of wavelength [84]. Recent measurements
at the GCA Corporation indicate that this may be true with certain reserva-
tions [85,86].

Absolute Intensity Measurements. Certain specific parameters require
special attention in any study concerned with the measurement of absolute
photon fluxes greater than 1008. These parameters include photon efficiency,
wavelength cut-off for certain interactions or phenomena, flux threshold
requirements and amenability to wavelength resolution. A discussion of
these parameters follows.

Photon efficiency. Some indication of photon efficiencies has already
been given in the description of the photoelectric and photoionization methods,
however, photon efficiency is specifically related to the calibration of
absolute intensities.
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Until recently the absolute intensity of radiation less than 10008 was
measured with a calibrated thermopile or similar heat sensitive device. The
problems involved in obtaining accurate results with a thermopile below 10008
are many and to this date no absolute calibrations have been made with them
for any narrow spectral region below 5008. This problem however, has been
alleviated by the development of the rare gas ionization chamber method [85].
Although the technique employed here has appeared in the open literature [85]
and is accepted as a standard, for completeness a brief descrlptlon of the
system is presented below.

Referring to Figure 26 for an analysis of the single ion chamber, we define
I as the light intensity at the exit slit of the monochromator and I as the
tPansmitted intensity at the end of the ion chamber. Then, the photoionization
yield, 7, is given by

ions formed/sec
photons absorbed/sec

7/=

i/e
I -1I
o
i/e
Io(l-I/IO)

therefore,

i/e

I,7 = -1/1) (28)

For the rare gases y = 1, hence, IO can be found.

The ratio I/I is measured by the detector which must lie exactly at the
end of the ion chamber. This ratio is independent of absolute intensities and
any detector which has a linear response with respect to intensity may be used.
This method requires that all the ions formed from the exit slit to the detector
be collected and counted. To achieve this, it is necessary to connect the exit
slit electrically to the positive repeller plate. The ion chamber would then
have a field distribution as shown in Figure 26 and all ions formed within the
ion chamber system would be collected. The major advantage of this system is
that no measurement of an absorption coefficient is made which must obey Beer's
law. Actually, I is independent of the pressure used and in the limit when
I/I -0 °

T =% i/e. | (29)
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This is the condition for total absorption of the radiation and for y =1

the number of photons/sec passing inéﬁ the ion chamber is just equal to the
number of ions produced within the ion chamber. Using the rare géses, absolute
intensities can be measured from 1022% (the ionization potential of Xenon)

down into the soft X-ray region.

Wavelength cutoff. No sharp wavelength cutoff is expected for fluorescent
detectors; however, some discrimination is shown by the photoelectric effect
and very sharp onsets are given by the photoionization of the gas.

Wavelength discrimination can also be achieved through the use of thin
metallic filters. Self-supporting films of this nature are not very rugged;
however, when used in conjunction with the appropriate fluorescent material
they form a rugged and simple narrow band detector. Figure 27 shows the
transmittance of a typical GCA Corporation detector using an indium filter
which is applicable for this program.

Recently, data have been accumulating on the transmissivity of thin
metal films in the spectral region below 15002 [87 thru 95]. Such information
has had the practical value of providing filters in a region where none pre-
viously existed. Further, the accumulation of transmission data is of value
to the theoretical understanding of metals.

The energy range of extreme ultraviolet radiation lies approximately
between 6 and 60 ev. These energies are comparable with the characteristic
energy losses experienced by fast electrons in passing through thin metal
films. Some of these energy losses can be explained by the collective nature
of the free electrons in the metal films. The theory of the collective free
electron model, as developed by Bohm and Pines [96], predicts a collective
oscillation of the free electrons at a frequency given by

22
_ (ﬁ e >
v = [(Re
p ‘mm ,

where v_ is the plasma frequency, n the density of the valence electrons, m
the elePtron mass, and e the electronic charge. The fast electrons, as they
penetrate the metal, lose an amount of energy equal to hv_in exciting this
resonance oscillation. This model also views the electrof plasma as being
able to support an electromagnetic wave at frequencies greater than v_. At
these frequencies the metal is predicted to change from a reflecting Pto a
transmitting medium. The plasma frequency is the same as that given by the
individual free electron model where the long range Coulomb interactions are
neglected. Many metals studied thus far do exhibit a region of relative
transparency in the vicinity of v

No optical data previously existed for carbon; however, a large charac-
teristic electron energy loss has been observed at 22 ev by several observers
[16,22,97]. The free electron plasma frequency is calculated to be 23.6ev
(5268) if the density of carbon is taken to be 2 gm/cc and if the number of
free electrons per atom is taken as 4.
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Recent experimental results by Samson and Cairns [97] for carbon are
shown in Figure 28 for a thin film approximately 2708 thick. The carbon film
was evaporated in vacuum onto a substrate and subsequently floated off in
distilled water and mounted on a wire mesh.

The transmittance decreases continuously from 41 percent at 2000R to 1
percent at 10008 . Between 900& and 6008 carbon is ver highly absorbing. 1In
the vicinity of the free-electron plasma frequency (526A)the transmittance
again starts to increase reaching 56 percent at 2098. Presumably, the trans-
mittance will reach a maximum at shorter wavelengths and fall to zero at 43.68,
the carbon K absorption edge. This is represented by the dashed curve in
Figure 28.

The transmittance at 3048 is 30 percent while at 5848 it is about 1 per-
cent, a discrimination of 30:1. Increasing the thickness by a factor of 2
provides a discrimination of 900:1 with a transmittance of 9 percent at 3048.

For the detector system to be selective (with a 1008 maximum bandpass
width) use can be made of the selective nature of the primary process, filters,
and/or a diffraction grating.

Flux threshold requirement. The flux threshold for detecting radiation
between 100 and 1250X depends on the type of detector used. The efficiencies
of the phdton conversion for the three primary processes are approximately
as follows:

Photoionization 100 percent
Photoelectric 10 percent
Fluorescence 20 percent

Although photoionization looks most promising, the simple geometry of the
detector requires a small aperture to prevent a rapid loss of gas; thus its
sensitivity is reduced slightly. The photoelectric process on the other hand
while only ~ 10 percent efficient in the primary stage can be used in conjunc-
tion with an electron mutiplier with gains up to one million. The fluorescence
technique while using the advantages of a photomultiplier suffers from being
sensitive to scattered visible light.

Wavelength Resolution. The most direct and precise method for dispersing
radiation into any desirable bandpass is the use of a concave diffraction grating
monochromator. A very compact monchromator can supply a'lOOX bandpass. As a
single instrument, however, to cover the range 100 to 10008 and Lyman & (1215.72),
a simple grating instrument would produce overlapping higher order spectra.

The need then arise for filters as described above, and/or the use of a selec-
tive primary process.

The use of a gas-filled ion chamber provides well-defined onset levels
for detection and well-defined wavelength intervals. For instance, a helium-
filled ion chamber or Geiger counter will respond only to radiation of wavelengths
shorter than 504.28, while an argon-filled counter will operate from 786.71%.
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Application. In the previous paragraphs, the detection of vacuum ultra-
violet radiation as well as the calibration of these detectors has been dis-
cussed in general terms. TFor the simulation of the D and E regions, it has
been shown that the following wavelengths namely Lyman & 1215.78), Lyman B
(1025.7%), € III (977.08), Lyman € (937.83), He II (584.5%) and He I (303.8%)
are pertinent for simulation. The choice of detectors will depend on whether
simulation is performed simultaneously or separately. Ideally, simultaneous
simulation is desired; however, this is not without consequence. Depending
on the level of sophistication, the various options of simulation are shown
in Table 23 and the suggested modes of simulation are noted in Tables 24 and
25.

Some comments on the various detectors may well be in order. Several
types of detectors can be used to detect the pertinent wavelengths. First
and foremost, the standard detector (100 to 20003) for case 1 (Table 24) is
the conventional photomultiplier which has been coated with sodium salicylate.
This material fluoresces at about 41008. Since it does not behave as a
narrow band detector, the simulated radiation must be monochromatic, i.e.,
each wavelength must be duplicated separately. One of the inherent problems
of this detector is its response to scattered visible light. It can be
avoided by using a multiplier with a pure metal photocathode such as tungsten.
Since tungsten has a photoelectric onset of 14008, its useful range is restric-
ted to shorter wavelengths. This removes the problem of scattered visible
light and allows all radiation below 14008 to be monitored. Under these con-
ditions a monochromator is essential.

For case 3 (Table 25) where the radiation is not dispersed monochromat-
ically, other types of photon detectors are utilized. For the detection of
Lyman & (1215.7A), the most appropriate detector is the photoionization
counter filled with nitric oxide. This gas-filled counter is particularly
adaptable for Lyman ¢ (1215.72) and is an accepted standard for measuring
absolute photon fluxes in the 1050 to 13508 region. A typical efficiency
of a nitric oxide ion chamber at Lyman & with a lithium fluoride window is
approximately 50 percent, i.e., 50 percent of the incident photons are
utilized to form ions.

For all other wavelengths, the method of photoemission of metals for de-
tection and calibration offers several advantages over other techniques.
The designated construction can be accomplished easily. Since the detector
will be located in the differential pumping assembly outside the simulation
chamber, it can be moved in and out of the light beam with a minimum of
difficulty. Such detectors cannot only monitor the vuv radiation in a
routine manner, they also serve as secondary standards when calibration is
necessary. It is suggested, however, that the various platinum detectors
be calibrated against the photoionization of rare gases technique initially
prior to mounting in the chamber.
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TABLE 23

METHODS OF SIMULATION

Method of Simulation

Light Sources and
Dispersing Devices

Comments

Case 1 - Each line is
simulated
separately.

Case 2 - All lines are
simulated
simultaneously.

Case 3 - All lines are
simulated
simultaneously.

One light source and one
standard vacuum ultra-
violet monochromator.

Six light sources and one
standard vacuum ultra-
violet Y%-meter and five
specially constructed
monochrometers.

Six light sources, one
standard vacuum ultra-
violet %-meter mono-
chromator, thin film
and gas filters.

Most applicable
and least
expensive.

Most expensive
method.

A compromise.




TABLE 24

MODES OF SIMULATION

1025.78

977.0%

937.8%

584. 58

303. 8%

Depth at

CASE 1 and CASE 2
Unit '
Optical Method of Calibration Method of
Thickness Detection Methods Simulation
75 km Photomultiplier Standard ion Hydrogen hot
with sodium chamber with filament discharge
salicylate nitric oxide lamp and mono-
coating chromator
108 km Photomultiplier Standard ion Hydrogen hot
with sodium chamber with filament discharge
salicylate oxygen and lamp and mono-
coating differential chromator
pumping
120 km Photomultiplier Photoionization Mixture of carbon
with sodium of rare gases dioxide and oxygen,
salicylate hot filament dis-
coating charge lamp and
monochromator
136 km Photomultiplier Photoionization Hydrogen hot
with sodium of rare gases filament discharge
salicylate lamp and mono-
coating chromator
X 200 km | Photomultiplier Photoionization Helium hot filament
with sSodium of rare gases discharge lamp and
salicylate monochromator
coating
182 km Photomultiplier Photoionization Helium spark dis-
with sodium of rare gases charge lamp and
salicylate monochromator
coating
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TABLE 25

MODE OF SIMULATION

Depth at CASE 3
Lines Unit
Optical Method of Calibration Method of
Thickness Detection Methods Simulation
1215.78% 75 km Photoionization Standard ion Hydrogen helium
counter or pho- chamber with NO hot filament dis-
toemission from| or photoemission | charge lamp with
platinum from platinum LiF window
1025.78 108 km Photoemission Photoemission Hydrogen hot fil-
from platinum from platinum ament discharge
with nitrogen and lamp, thin
gas filter film filter
977.08 120 km Photoemission Photoemission Carbon dioxide-
from platinum from platinum oxygen (trace)
hot filament dis-
charge lamp, mono-
chromator
937.88 136 km Photoemission Photoemission Hydrogen hot fil-
from platinum from platinum ament discharge
lamp with thin
film filter
584. 58 ~200 km Photoemission Photoemission Helium hot fil-
from platinum from platinum ament discharge
lamp
303.8% 182 km Photoemission Photoemission Helium spark dis-

from platinum

from platinum

charge lamp
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Difficulties arise if undispersed radiation from a hydrogen discharge
and a thin-film filter are used for simulating Lyman P (1025.72) and Lyman ¢
(937.8)). Unwanted contributions of almost equal intensity due Lyman 7
(972.52) and Lyman ® (949.72), as well as the underlying continuum will be
transmitted also. For calibration purposes, however, the Lyman B (1025.72)
line can be isolated by means of a nitrogen gas filter. The next section
shows in some detail the upper limit of detectability of the various detec-
tors for actual simulated densities in the space chamber. The predicted
performance is tabulated in Table 26.

The parameters in Table 26 were determined by assuming a simulation chamber
of l-meter diameter. The target is considered to be in- the center of the
chamber 50 cm from the light source. As a maximized condition for detection,
the detector (ion chamber, photomultiplier, Geiger counter) is assumed to be
100 c¢cm from and directly opposite the light source. A half-meter monochromator
is considered for the calculations of reduced flux at the target, according
to the following geometry:

Target
Exit
Grating Slit r
| 3
5 cm | —_—
-?}<__ 4C M —
e R ~
2.5 r =R tan & IM = monochromator intensity
tana=Z6— = ,062 A = r2 IT=K—;
T IT = intensity at target
. . 1
for 50 cm, reduction factor is 302
for 100 cm, reduction factor is 1%6

For an undispersed source, the reduction factor is

I I

u undispersed intensity
2 T R

distance from source

91



26

TABLE 26

IONOSPHERIC SIMULATION OF STRONG SOLAR EUV EMISSION LINES
(1-Meter Diameter Chamber)

(1) (2) €3) (4) (5) (6) (7 (8) 9 10)
Extinction Cross Section |Effective i o Maximum Intensity 'Photon_Flux
Identification| X (X) (megabarn) at 120 km>'F of Source at 50 cm
(photons/sec) :
N2 O2 0 (megabarns) Monochro~ | Undis- Monochrb- Undis-
matic persed matic persed
H Lyman 1215.7 0 0.01 0 0.002 lO10 1016 3 3'108 3x 1011
H Lyman B 1025.7 0.001 1.52 0 0.33 1010 1013 3'X'-108 3 x 108
¢ III 977.0 | 0.082 3.98 { 0 0.82 1010 - 3% 10° | ---
y .
"H Lyman € 937.8 * | o 2.83 108 10tt | 3x 10% |3 x 10°
He I 584.5 | 23.1 23.2 | 7.6 20.3 1010 103 | 3x 10% {3 x 10%
He IIX 303.8 12.1 16.6 8.3 11.9 107 1010 3 x 105 3 x 105

* .
Effective cross section for air derived from Watanabe and Hinteregger transmission data (reference

(22]). All data for H Lyman € are estimates.

** . . - . . .
Effective Ua'r changes with altitude above 120 km owing to the variation in mixing ratios.
i
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TABLE 26 (continued)

1) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20)t
Identi- Photon Flux Highest Lowest Altitude Capable of Lowest Max. Altitude Flux
fication at 100 cm Altitude Simulation (Rm) Altitude | Number at Outside
J i Capable | Ion Photomul- : Geiger of Den- I_ /e Atmosphere
! : of iChamber tiplier Counter | Interest| sity at | I (photons
{ Monochro-! Undis- | Simula- Threshold| Threshold | Threshold Lowest ° cmé sec)
matic persed | tion (km) 107 105 102 (km) | Alt. (km)

H Lyman < 8x107 8X1010 >250 < 50 < 50 < 50 55(D) 1.2(16) 75 3.1Q11)

H Lyman B 8x107 8x107 102 < 90 < 90 < 90 90(E) 6.6(13) 108 2.5(9)

C III 8x107 -— 104 < 90 < 90 < 90 90(E) 6.6(13) 120 4.0(9)

H Lyman €| 8x10° | 8x10° | 115 - < 90 <90 90(E) | 6.6(13)| 136 2.4(8)

He I 8x107 8x107 184 < 90 < 90 < 90 90 (E) 6.6(13) =200 1.6(9)

He II 8x10® | ex10% | 124 - .- < 90 90(E) | 6.6(13)| 182 3.8(9)

t

Solar flux values from Schultz, E. D. and Holland, A.C., [24].
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for 50 cm, reduction factor 1is x 10

3.12

for 100 cm, reduction factor is I—%g x 10_5

The maximum source intensity for monochromator and undispersed sources is
listed for the various wavelengths in columns (7) and (8). For the mono-
chromatic sources, the value quoted is the total number of photons emitted at
the exit slit per second. In columns (9-12) the highest attainable flux at
distances of 50 cm and 100 cm is tabulated. The CIII line can be generated
as an isolated line only by using a monochromator.

In the model atmosphere considered for the transmission calculations,
molecular nitrogen and oxygen and atomic oxygen are the only constituents
included. All minor consitituents are neglected owing to their relatively
significant absorption. With the exception of the H Lyman € line, the total
absorption cross sections for N,, 02 and 0 are from Samson and Cairns [16].
An effective cross section for ﬁ 0, at the H Lyman € line was derived from
the transmission data presented gy %atanabe and Hinteregger [22]. Effective
cross sections for air, based on mixing ratios at 120 km, appear in columns

(3-6).

The model atmosphere used is a combination of the U. S. Standard Atmosphere
(1962) and a recent theoretical contribution by Jacchia [98]. Jacchia has
computed atmospheric density and composition models for various exospheric
temperatures from a fixed set of boundary conditions at 120 km. The Jacchia
model chosen is that in which the exospheric temperature agrees with the
corresponding U.S. Standard Atmosphere value. The Standard Atmosphere depicts
idealized middle-latitude year round mean conditions for solar activity between
average and maximum. It is recognized that the.transmission parameters in
Table 24 will vary appreciably with the solar cycle.

Whether the solar emission lines of interest can be simulated for the
appropriate altitudes depends on a number of considerations. First, the
transmission data must be known accurately. Accordingly, new data were
generated in the light of a more recent model atmosphere and absorption
cross sections. Second, the capability of simulating these lines at the
specified intensities and atmospheric densities corresponding to the D and
E regions depends critically on the dimensions of the simulation chamber.
The values quoted in Table 24 pertain only to the chamber assumed.

The altitude ranges capable of simulation are given in columns (13-16).
This information implies that within thése bounds atmospheric density, emission
line intensity and detection can be simultaneously achieved.

Columns (17,18) predict that only the H Lyman & line penetrates to the D
region (lower boundary 55 km); all other lines contribute only to the E region

(lower boundary 90 km). In all cases the lines can be simulated to the lowest
appropriate boundary. However, under the assumed maximum conditions, an ion
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chamber cannot be used owing to a high detection threshold for the H Lyman ¢
line, and for the same reasons, only a Geiger counter is capable of detecting
the He II line. Relocation of target and/or detector can remove these restric-
tions. .

Column (13) identifies the highest corresponding altitude capable of
simulation. This condition results from the line intensity limit at the given
distance from the source.

The calculations were performed as follows:

In general I(XA) = ehp[— c(A) nL} I=laboratory intensity

0= absorption cross
For a gas mixture L(A) = I exp )L <Z (l) n, >}' section

—partlcle density per
L—path length

For known I (intensity at target) and I (threshold limit of detector) a
number densxty limit can be computed which corresponds to the lowest al-
titude capable of simultion.

Transmission through an atmosphege is calculated as follows:
¢ = solar flux

¢
In general ¢(Xx,h) = QO(K) expifU(X) [\ n(h) dh }' Qo = flux outside
Jh atmosphere

For a mixed atmosphere ®(\,h) = ® (\) exp 1\(/ST(I (K)J[\ (h) dh,. >-}
Over a limited altitude region, it may be assumed that
AN, = | ni(h) dhi -ni(h) AHi

RT h+th
— 'n
mg

where 7H =

By considering individual scale heights varying with altitude, taken in 10 km

steps, a close approximation to the particle count per cm2 column for constituent

i, is
N = Gy -ompp D Hy oy, - myg ) Hy ey Ty
1 1 1 1 1 1 1
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where hM >h(M-1):-:+ > h2 >.h1

Then &(X,h) = CI)O (A) exp {—}—1 o, ) Ni (h)}
i

Using this expression, ¢0 from column (20) and the maximum intensity ¢ from
column (9,10), the minimum number density per column N can be computed which
then determines the highest altitude that can be simulated.

Soft X-Ray Spectrum

Types of Detectors. For the soft X-ray region the simple detectors avail-
able are: a gas counter (proportional and Geiger regions), a photomultiplier
with an appropriate scintillator, and a photographic emulsion. The Geiger
counter and the photomultiplier are very useful since a multiplication factor
of > 106 allows for the detection of very small fluxes.

A survey of the possible choices for monitoring the simulated X-ray flux
has shown that the most feasible is an ionization chamber or photon counter of
the types successfully flown in rocket-borne experiments [99]. These counters
have sensitivities in the following ranges: 8 to 20, 44 to 60, and 44 to 1008.
The detectors will determine the major areas of the energy curve and thus
monitor the distribution of the X-ray spectrum with reasonable accuracy. The
spectral sensitivities of various transmission windows for the hard and soft
X-ray regions are shown in Figures 29 to 33. The pertinent parameters regard-
ing gas filling and window characteristics are noted.

Several gas mixtures are suitable in Geiger counters. Usually a rare gas
is combined with a quenching agent, a simple hydrocarbon such as alcohol or
ether, a halogenated hydrocarbon such as methylene bromide, a halogen, or nitric
oxide. In some cases, possible reaction with the tube material must be con-
sidered [20]. The 44 to 608 Geiger counter as designed by Accardo [100] is
suggested as the most versatile and appropriate soft X-ray monitor for the
ionospheric simulator.

Operation of Geiger Counter. The operation of a Geiger counter is de-
pendent upon the incident radiation producting at least a single ion pair within
the scnsitive volume of the counter. This will in general be a function of
many parameters including the type cf radiation (quantum or corpuscular), the
energy of the radiation, the wall thickness of the counter, gas filling, etc.
Subsequent to the production of the ion pair, the electron is accelerated to
the anode (usually a tungsten or nickel wire of several mils diameter). As
the electrons approach this region of high electric field strenght in the
vicinity of the center wire, they obtain enough energy to further ionize the
gas in the counter by collisions. This process results in a Townsend avalanche
along the wire and gives rise to an electrical pulse capable of being detected
in either the anode or cathode of the counter. A trace amount of quenching
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Figure 33.
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gas is used with the primary counter gas to prevent spurious pulses from being
produced.

The operating voltage of the counter is usually found from a plot of the
count rate as a function of the applied voltage for a constant intensity source
located at some fixed distance from the counter. Correcting for the pulses
occurring during the dead time can be avoided if a low rate is selected for
this measurement ( ~ 100c/sec). Depending on various parameters, e.g. position-
ing of the fine anode wire, the nature of the plateau (region of linearity) may
differ. The operting voltage is normally selected near the center of the
plateau.

The radiation to be measured is admitted to the counter through a thin
window which is partially transparent to these wavelengths. The efficiency
of the counter is given by the product of the transmissivity of the window and
the photoionization of the Gas:

ed) = eXp{—[u/p(or)]w] *L 1- exp (—[u/o (Dr)]_G> Jk,

where p/p is the mass absorption coefficient, p is the density, r is the dis-
tance traversed by the radiation, and W and G designate those terms pertaining
to the window and gas, respectively. For the wavelengths of interest, mylar
has proven successfuly as a window since it allows the wavelengths 44 to 608
and 2 to 208 to be transmitted. The high energy cutoff at 43.68 is determined
by the K edge of carbon (principal constituent of mylar), and the transmissivity
at lower energies falls off approximately as the inverse cube of the wavelength.
The primary gas, neon, has a very high mass absorption coefficient at the

higher wavelength window and drops with increasing energy. The neon is mixed
with 1.15 percent isobutane which serves as the quenching agent. For a 1/4

mil mylar window thickness and gas pressures of one-half to one atmosphere,

the normal counter efficiency at 44 to 608 is a few percent.

Construction of Geiger Counter. A photograph of the proposed design is
shown in Figure 34. The Geiger counter is a rugged side-window type, self-
quenched, with metal envelope and window support constituting the cathode, and
ceramic-metal feed-throughs for support of the central anode wire. A metal
exhaust-gas fill tubulation is centrally located in the side of the envelope.
The tubes are filled to a given pressure and pinched off.

Inherent to the design is considerable flexibility in use of window
materials, gas-fills, and cathode and anode materjials. For the particular
application to radiation in the range of 44 to 608, a very thin mylar window
(0.00025 inch) is attached to the window support base by a special technique.
The aperture is 1/4-inch diameter, but is easily changed to any practical size.

Calibration. With the exception of dispersive X-ray optics (grating
spectrograph), which is expensive and highly specialized, it is very difficult
to obtain monochromatic sources in the soft X-ray region and most experimentalists
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Figure 34.

Side window-type Geiger counter.
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have depended on theoretical efficiency curves. Compton. and Allison [103]
suggest that absolute intensities are perhaps most easily found by measur-

ing the heat produced from X-rays with, for example, a bolometer. Tomboulian
[104] indicated that a specially constructed Geiger counter under a given
situation can measure absolute photon fluxes of soft radiation. Preliminary
theoretical calculations of absolute intensities, made by Tomboulian [104 ]

may be applied for calibration purposes. Generally, few if any reliable
methods are available for the calibration of counters in the soft X-ray region.

The 44 to 608 Geiger counter flown by GCA Corporation [100] was calibrated
with an iron-55 isotope source. This isotope emits a monochromatic X-ray at
1.98 which lies within the higher energy window of the mylar counter as seen
in Figure 29. Since the source strength is 5 millicuries it is possible to
obtain relative efficiency measurements at various aspect angles. Unfortunately,
an absolute efficiency calibration of the counter for this wavelength is not
possible since the flux from the source is not known accurately.
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V. IONOSPHERIC SIMULATION FACILITY

As shown in the foregoing discussion, the simultaneous simulation of
many ionospheric parameters is possible. These include uv and X-ray radiation
and the production of charged particles by either direct ionization of the
gas within the chamber or by injecting a space-charge neutralized particle
beam from a plasma gun exterior to the chamber. Similarly, it is possible
to produce atomic oxygen either by direct photodissociation of oxygen within
the chamber or by producing atomic oxygen exterior to the chamber and inject-
ing a beam containing a known mixture of atomic and molecular oxygen through
a port in the chamber wall.

Both the external plasma gun and the external atomic oxygen generator
are expensive and bulky, particularly because they require a fairly complex
differentially-pumped vacuum system. They are also expensive and need not be
an integral part of the initial installation, provided adequate floor space
is allowed and sufficient vacuum connecting ports on the simulation chamber
are provided for their eventual installation.

The present discussion will, therefore, be confined to the design of the
vacuum chamber proper, the vacuum system and the equipment for the simulation
of charged particle and atomic oxygen densities, and X-ray and uv radiation
integral with the ionospheric simulator.

Much thought has been given to the simulation chamber concept and in view
of the complexity and cost of much of the associated equipment, it was felt
that considerations pertaining to ruggedness and ease of assembly and opera-
tion should govern the design.

For this reason, a metal vacuum chamber is proposed with adequate con-
necting and viewing ports to permit accessibility and visual observation..
High~quality stainless-steel vacuum components of great variety are now
available commercially and this type of construction has considerable merit
compared with a glass chamber. 1In particular, it is a simple matter to change
the configuration of an experimental arrangement, if all components are fitted
with metal flanges which are readily interchangeable. With a glass chamber,
on the other hand, even small modifications require expert skill and notwith-
standing great care and patience, costly and time~consuming accidents will
occur.

A stainless-steel chamber is not incompatible with any of the proposed
methods of simulation except with the production of atomic oxygen by photo-
dissociation. This latter experiment requires a liner of low recombination
rate, such as pyrex or teflon which can readily be inserted into the chamber.
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It will be shown subsequently that a circular l-meter diameter chamber
will permit the installation of all instrumentation considered necessary.
For adequate flexibility sixteen 6~inch flanged ports are recommended which
will be staggered in two rows on the circumference. In addition, glass view-
ing ports which are commercially available in many sizes can be mounted along
the circumference or on top of the chamber. The concept of the complete sim-
ulation facility is shown in Figure 35.

The Vacuum System

Methods of Pumping. The operating pressure of the simulation chamber
covers the region from approximately 1 torr to 106 torr.

Whereas the attainment of these pressures presents little difficulty
with conventional vacuum pumps, it is considered desirable to provide a
pumping system which is accident-proof and does not introduce undesirable
and uncontrolled contaminants.

During the past decade it has been established conclusively that both
mechanical eccentric rotor pumps and o0il diffusion pumps, no matter how well
trapped, can seriously contaminate the various components of a vacuum system
and affect the mechanical and electrical performance of test objects placed
in such systems. Furthermore, accidental exposure of hot pump o0il to atmos-
pheric pressure may necessitate a lengthy and laborious cleaning procedure -
costly in time and manpower.

Although liquid-nitrogen-trapped mercury diffusion pumps can operate in
completely contamination free fashion, they require a constant supply of liquid
nitrogen (the vapor pressure of mercury is approximately 10”3 tor at room
temperature). Furthermore, accidents are likely to be far more serious in
view of the toxic nature of mercury vapor.

It is fortunate that the state of the vacuum art has progressed to a
point where most of these difficulties can be overcome in a simple manner.

Reduction from atmospheric pressure below 1 torr in completely oil-free
fashion can be attained by means of liquid-nitrogen chilled zeolite sorption
pump. For example, a sorption pump containing 2 1b of zeolite after pre-~
chilling, can evacuate a 100-liter volume to 0.1 torr in less than 10 minutes.
The limitation of zeolite sorption pumps is their inability to pump helium
and neon, whose partial pressures in the atmosphere are 1.4 x 1072 and
4 x 10-3 torr, respectively. Thus, simple sorption pumping cannot reduce the
total pressure below 102 torr.

Oil-free pumping in the range from 10 torr to 1072 torr can however, be
performed by mechanical pumps which employ the Roots principle. They are
relatively simple in construction, consisting primarily of two "figure-eight"
intermeshing rotors revolving in a close-fitting housing, and a motor. The
rotors counter-rotate and are synchronized by a pair of timing gears mounted
on the rotor shafts.
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Although Roots pumps can dlscharge directly to atmosphere without backlng
pumps to produce a rough vacuum, this procedure is not recommended. The
addition of a backing pump makes it possible to operate the Roots pump at
lower inlet pressures; the low pressure limit under these conditions is about
10-5 torr. The rotors of Roots pumps are precision machined to insure a
minute clearance between the rotors themselves and between the rotors and the

chamber wall. As a result, no sealing or lubricating oil is needed in the
pumping chamber. In consequence, back mi gration of pumping fluid is essentially
eliminated. For ultimate cleanliness, a liquid-nitrogen cooled trap may be
" provided at the inlet of the Roots pump and a dry-ice or zeolite trap ahead
of the backing pump.

Whereas Roots pumps operate efficiently over the pressure region covering
the whole of the D Region and the lower E region, they are not capable of
efficiently reproducing the pressure of the upper E Region. This limitation
may be acceptable for initial operation of the ionospheric simulator. How-
ever, if evacuation to lower pressures is desired, this can also be accom-
plished in accident-proof and fluid-free fashion. Titanium sputter-ion pumps
function very efficiently in this pressure region. Some of the ions and
excited atoms produced in the electrical discharge of these pumps can, however,
migrate into the simulation chamber. No such problems arise with turbo-
molecular mechanical pumps which perform satisfactorily from about 10 3 to
below 10-9 torr. These pumps consist of a stator and rotor made up of discs
into which are milled inclined radial slits. The rotational speed of the
rotor is 16,000 rpm. For optimum performance a forevacuum of less than
5 x 1073 torr is required, which, as in the case of Roots pumps, is provided
by a trapped eccentric rotor pump.

A pumping system consisting of a single eccentric rotor pump which
alternately backs a Roots pump or a turbo-molecular pump via suitable valving
appears to be the most attractive solution to the problem outlined above.

For initial evacuation from atmospheric pressure into the range to 102 torr,
one or more commercial liquid-nitrogen-chilled sorption pumps can be added to
the system.

Vacuum Gauges. The pressure range to be monitored includes the difficult
region between 1 torr and 10~3 torr where, until recently no reliable commer-
cial continuously-reading monitors were available. Below 10-3 torr, a wide
variety of good commercial ionization gauges can be obtained.

The McLeod gauge, in spite of its excellent accuracy, is not a very con-~
venient pressure monitor, and in any case, does not lend itself to automatic
pressure control. Fortunately, high accuracy of measurement and pressure
control can be obtained with a commerical capacitance manometer. Unlike other
types of pressure monitors (ionization or thermal conductivity gauges),
capacitance manometer gives a pressure indication independent of the species
of gas to an accuracy better than 2 percent full scale over the pressure range
from 1000 torr to 5 x 10™% torr. Below this level, an ionization gauge is the
most reliable pressure monitor. The output signal of the capacitance mano-
meter or the ionization gauge can be used to actuate a commercial pressure
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controller which can maintain the pressure, via a variable gas leak, at a
constant value with less than 0.3 percent full scale random drift per day.

Simulation of Charged Particles

As discussed in some detail in Section III, the production of charged
particles under conditions of thermal equilibrium can be realistically simu-
lated over only a limited-altitude range. With available sources of ultra-
violet radiation, as discussed in the following section, the charged particle
density can be produced directly by photoionization at a gas pressure of
100 u, corresponding to an altitude of 80 km.

At other altitudes, the production of charged particles by photoionization
cannot be performed under conditions which simulate other ionospheric parameters
realistically.

Compromise solutions can include a fast electron gun.or a plasma gun as
discussed in Section III, which will require differential pumping. Since the
design of these devices has been adequately documented in the literature re-
ferred to previously, they can be added to the simulation facility at some
later date. For this purpose, an adequate number of 6-inch flanged ports have
been made available on the proposed simulation chamber.

Another area, which is also widely documented is that of charged particle
detectors, which range from simple ionization chambers for measurement of
total charge produced to chargedparticle spectrometers of varying degrees of
sophistication. A decision on the most suitable type of instrumentation will
depend on the types of experiments proposed and need not be made in the initial
planning phase. The chamber dimensions have been chosen sufficiently large
to accommodate all types of charged particle detectors in current use.

Simulation of Important Vacuum Ultraviolet Solar Lines

The conceptual design of the experimental facilits shown in Figure 35
includes the latest techniques to simulate the important vacuum and extreme
ultraviolet solar lines and is the result of detajled analysis of the relative
merits of pertinent experimental apparatus. Not readily evident is the ab-
sence of the He II 304 % light source. It was decided to omit this light
source altogether, because it produces the least important of the series of solar
ultraviolet emission lines necessary for the simulation of the E region (depth
at unit optical thickness is 182 km, which lies in the F{ region) and because
the experimental difficulties of simulating this line are severe. It requires
a spark discharge source which is not necessary for simulating the other solar
lines. The photon fluxes emitted are not very intense and are further reduced
if a monochromator is used, since the reflectivities of the various gratings
that are available today are poor below 400 2. 1In the following sections, the
salient features of the instrumentation are discussed in some detail.
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Vacuum Ultraviolet Monochromators. In Section IV it was shown that some
light sources could be made nearly monochromatic by means of gas and/or thin
metal filters. This was suggested as a means to separate the Lyman B (1025.72)
and the Lyman ¢ (937.83) atomic lines in the hydrogen spectrum without having
to use two monochromators. For the C III (977.08) line, on the other hand, a
monochromator was deemed essential since it is not possible to separate this
line without allowing other equally intense impure lines to be emitted also.

After considering the expected loss of intensity due to the various
filters and the resulting loss of spectral purity, it became obvious that a
dispersive device was the best approach to separate Lyman B and Lyman ¢. Once
this wds decided, detailed studies were made concerning various designs of
vacuum ultraviolet monochromators. One approach was based on a separate
chamber, containing a single grating along a 0.5m or l-meter Rowland circle
from which all pertinent wavelengths could be focussed into one port of the
ionospheric simulation chamber. Calculations indicated that, for this pur-
pose, 5 light sources would have to be positioned on the circumference of the
Rowland circle separated by a distance of 4 degrees, that is, 10 cm. Although,
at first glance, this seemed impracticable, further study indicated that the
capillaries of the various light sources (whose diameter is less than 1 cm)
might be stacked sufficiently closely to meet this restriction. However, a
firm design could not be worked out without further laboratory studies.

Another approach considered was the stacking of two 5~mm gratings in a
single monochromator for the separation of the 937.8% and 1025.78 atomic
hydrogen lines. However, the cost of designing and constructing this special
monochromator will be greater than the cost of the more conventional instru-
mentation proposed below.

The final design consists of three monochromators which approximately
duplicate the arrangement by Seya and Namioka [105]. It was chosen mainly
because the 35-degree angle of incidence results in favorable intensities
within the prescribed geometry. This configuration is not quite as compact
as a monochromator where the angle of incidence is increased to 70 degrees
and where the entrance and exit slits can be nearly in line close to the axis.
Calculations showed that in the latter case, the beam would be attenuated by
a factor of 3; furthermore, an instrument of this type would have to be
specially designed and constructed.

The specifications for the three monochromators are as follows: the diame-
ter of the Rowland circle is 0.5 m with a grating (platinized) of 1200 lines/mm
and blazed at 750R. Simple rotation of the grating will give the desired line
yet maintain good focusing of the image. A resolution of 1A is then available
which is more than adequate for line emission light sources. A fast 4-inch
0il diffusion pump (backed by a 13 CFM mechanical pump) which produces a
vacuum of 10-5 torr should be provided. This pressure can be maintained under
operating conditions, i.e., with windowless light sources, since a differential
pumping section is available. It is suggested that at least one of the mono-
chromators be equipped with a drive mechanism so that the entire wavelength
region of interest can be scanned by rotating the grating.
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Ultraviolet Detectors and Calibration Techniques. The proposed detectors
outlined below represent the present state of the art which has progressed
considerably in recent years. They include ionization chambers and photo-
electric detectors. The various calibration techniques are outlined in some
detail.

Ionization chambers. The ionization chamber is commonly used when an
absolute radiant flux measurement is required. The conventional chamber has
two parallel plates, one the ion collector and the other the ion repeller.
The ions are formed in a region where the electric field is uniform and
sufficiently large to collect all ions but not large enough to cause ion
production by secondary electron collisions. Using the measured ion current
and the known photoionization yield of the filling gas, the absolute radiant
flux can be determined.

A simpler and more compact ion chamber can be constructed out of a metal
cylinder and central collector pin. This construction is commonly called a
photon counter, [106]. Such counters are suitable as narrowband detectors of
absolute radiant flux in the vacuum ultraviolet region of the spectrum. Their
bandwidth lies between the wavelength corresponding to the ionization potential
of the gas and the shortwave limit of transmission of the window. For example,
a counter filled with nitric oxide gas with a lithium fluoride window is sen-
sitive from 13508 (ionization potential of NO) to 10508 (the limit of trans-
mission of lithium fluoride).

As a detector of absolute radiant flux, the photon counter can be applied
as a secondary standard in the laboratory or as a narrowband detector as
applied by NASA and the U.S. Naval Research Laboratory to determine the
absolute radiant flux from the sun in the vicinity of the Lyman-& line
(1215.72). For the ionospheric simulator, this photon counter is proposed
for the detection of Lyman-C (1215.72 using nitric oxide as the filling gas.

Experiments have shown that the effect of impurities in nitric oxide on
the photoionization current for Lyman-O is only one percent. Since the
photon counter is used for detecting only Lyman-o (1215.72), the effect of
impurities is not detrimental; in fact, it may even be beneficial since the
photoionization current at wavelengths other thay Lyman-a is decreased.
However, the unpurified gas is probably more corrosive than pure nitric oxide
and this should be borne in mind.

Calibration of NO-filled photon counters and 09 filled ionization

chambers. It is known that calibrated NO-filled photon counters can be pur-

chased on the open market, however, since all the instruméentation necessary
to calibrate these counters will be available as part of other apparatus, it
is strongly suggested that this calibration be performed in situ.

To calibrate the photon counters, the total photon flux emerging from
the exit slit of the monochromator is measured with an ionization chamber
filled with nitric oxide gas. From the known photoionization yield [80] of
NO the radiant flux is determined. This flux is then compared with the
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ey’ = i/Pp (32)
or
Y/ =Y i/1 (33)

Subsequent counters can be calibrated directly against the one initially
calibrated against the ion chamber.

The detection and calibration of Lyman B (1025.72) can be performed by one
of two methods. The first utilizes the photoionization yield of oxygen, the
second depends on the photoelectric yield of a metal. The principles of and
procedures for the calibration of an ionization chamber filled with oxygen
for Lyman B are essentially the same as that described for Lyman & except that
for Lyman B, the conditions are windowless, and thus differential pumping is
necessary. The dimensions of the ionization chamber can be the same as those
mentioned above or can be made smaller if necessary. The absolute photon
flux is calculated from Equation (31), wusing Y = 55 percent for 0y at 1025.7

Metallic photoelectric detector. For all other wavelengths, namely,
1025.7, 937.8, 584.5 and 303.8K, the metallic photoelectric detector serves
not only as a detector of radiation but also as a secondary standard. The
procedure, which is as follows, is quite simple. A sample of aluminum or
platinum (untreated), large enough to intercept the light beam near the
entrance of the light source is cleaned with acetone or benzene before placing
it in the system. It is mounted in front of the light source, by means of a
traverse rod which allows the metal to be moved in and out of the light beam
at will without breaking the vacuum. A circular wire loop is mounted directly
in front of the metal surface to collect the photoelectrons ejected. With
the light source on, the photoelectric current of the metal sample is measured
by increasing the voltage between the loop and the surface until all electrons
are collected. The absolute photon flux, P, can then be calculated by the
formula:

v = ile (34)

where Y is the photoelectric yield of the metal at a given wavelength, i is

the current in amperes and e is the electronic charge. The metal detectors

should be calibrated using the photoionization of rare gases technique prior
to mounting them in the chamber. The specific experimental details of this

method are given in the literature [85].

Vacuum Ultraviolet Light Sources. For the simulation of the various
solar ultraviolet emission lines, at least three different light source
designs are proposed, a result of detailed studies to optimize performance
and to facilitate adequate instrumentation.
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Microwave discharge lamp. For Lyman C, (1215.72), the microwave dis-
charge lamp is the most applicable. The microwave light source is simply a
long quartz tube placed within a microwave cavity. The quartz tube in the
cavity has to be forced-air-cooled to dissipate the intense heat generated
by the discharge. The quartz tube is sealed by a Teflon ferrule via a
"Swagelok" fitting to a water-cooled flange. A 2450 Mc, 125-watt microwave
generator is used to excite the cavity. By adjusting the tuning stub, maximum
coupling light intensity can be achieved. The hydrogen spectrum produced in
the microwave cavity is similar to that of the dc glow and hot-filament arc-
discharges, discussed below, although somewhat weaker. Like the hot filament
arc, the microwave discharge in hydrogen tends to favor the atomic spectra.

In a hydrogen-helium mixture, the microwave discharge produces perhaps the

most monochromatic source of Lyman-0 radiation. The advantages of an electrode-
less discharge are the absence of sputtered electrode material and impurities
embedded within the electrodes. This, in turn, prolongs the life of the
windows,

The radiation is transmitted through a window of lithium fluoride. The
plates are about 2 mm thick and 25 mm in diameter. Cleaved plates are pre-
ferred to polished plates because of their superior transmission characteris-
tics. The action of the discharge and/or the formation of F-centers on pro-
longed use causes accumulative loss of transmittance, requiring periodic
replacement of the window. Rapid and convenient replacement can be achieved
by the O-ring design shown in Figure 37 due to Warneck [107]; the window is
placed between two butyl-rubber O-rings, located in grooved brass flanges.

Hot filament discharge lamp. For the simulation of the 1025.7, 977.0,
and 937.8R lines, the hot filament arc discharge lamp has been found to be
more efficient than other available light sources. For the two higher members
of the Lyman series of atomic hydrogen, namely, B and ¢, a mixture of hydrogen
and helium produces the maximum intensity. For the C III, 977.08 line, car-
bon dioxide with a trace of oxygen produces the best results. A general
description and the advantages of this lamp follows.

The use of hot filaments to provide the free electrons necessary to
sustain a discharge in hydrogen and other gases has been described in the
literature [108,109]. A hot-filament arc discharge can support a discharge
current of several amperes at low voltage, typically 50 to 100 V. Thus,
there is no need for a high voltage power supply. A typical 150 V - 5 A
power supply is shown in Figure 38 which can easily be constructed by most
laboratories. Should a higher degree of current stabilization be required,
an excellent circuit is given by Moak, et al., [110]. Although periodic
renewal of the filament is required, this does not present any particular
difficulties. ’

The proposed hot filament arc source shown in Figure 39 is due to
Hartman [109,111]. The filament is a helically coiled nickel ribbon dipped
in barium carbonate and activated in a hydrogen atmosphere. A trigger pin
is inserted in the quartz discharge tube to strike the arc initially. A
Tesla coil is suitable to trigger the discharge. The filament draws
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approximately 12 A at 4 volts, the discharge voltage is about 90 V when an
arc current of 3 A is passed in hydrogen.

Although the arc discharge produces a strong hydrogen molecular spectrum,
the atomic resonance line is by far the most intense line., Furthermore, the
higher members of the Lyman series of atomic hydrogen, B and 7 appear clearly
above the weaker molecular bands. The intensity of the atomic lines in the
pure hydrogen discharge do not change appreciably when helium is added; how-
ever, the intensities of the molecular lines are greatly reduced. The hot
filament arc discharge in hydrogen produces an overall more intense spectrum
than the cold cathode discharge. The intensity ratio is only a factor of
two or three; however, the ratio of atomic to molecular line intensities is
much greater for the hot filament arc discharge.

Helium plasma light source. A simple but intense helium 30-watt light
source has reccently been developed which can émit more than 10 photons/sec
(10 15 photons/sec/cmz) at 584%. The details of this source as developed by
Jensen and Libby [112] are as follows:

A thoriated tungsten wire, the hot cathode and a tantalum wire, the anode
are encaged in a large metal cannister. Typical operating conditions are a
helium pressure of 300 microns and an applied potential of 30 V, with 1 A
flowing. The exact source dimensions and geometry are not critical, however,
the following arrangement has been suggested: a cathode of 0.010-inch
diameter, thoriated tungsten wire, 3 cm long, parallel to and 1 cm from a
0.020-inch diameter tantalum wire, 3 cm long, serving as anode. The device
has several current modes depending on cathode temperature, anode voltage
and helium pressure. The low-current mode is equivalent to ordinary operation
of a vacuum diode tube; the intermediate-current mode of hundreds of milli-
amperes to a few tens of amperes is the condition in which the device operates
as presently described; the high-current mode is a typical low-pressure arc.
If the pressure drops to less than 50 microns, if the cathode temperature is
too low to cause significant thermionic emission, or if the anode voltage
falls to less than 22 V, the device operates into the low-current mode. The
transition is gradual in the case of varying cathode temperature but very
abrupt when pressure or anode voltage are varied. A drop of less than 0.1 V,
for example, will cause the current to fall from many amperes to a few milli-
amperes. With very pure helium and well-out-gassed electrodes the process is
reversible; otherwise there is a hysterisis effect and a higher starting
voltage is necessary, although again the current rises from milliamperes to
amperes over a 0.1-V potential change. 1In the intermediate-current mode,
anode current is determined primarily by cathode temperature. Anode voltage
has little effect once it has been raised past the striking level. Separation
between cathode and anode can be increased to 7 cm with no appreciable increase
in required anode voltage. The factor which limits the current is the amount
of heat which the anode and the lead-in conductors can dissipate. 1In the
intermediate~current mode the source resistance is positive and therefore no
ballast resistance is required for stable operation. With a very stable
low-output-impedance power supply there is no evidence of oscillations up to
frequencies of 100 Mc/sec. The high-current mode occurs when anode potentials

119



are increased to several hundred volts. This is a typical low-pressure arc
and a resistor must be placed in series with the source to obtain stable

operation.

The intensity of the 5848 1line is greatest from the cathode region and
reaches a maximum a millimeter or so from the cathode in the direction away
from the anode. Light intensity is roughly proportional to current and in-
versely proportional to anode voltage. A maximum 5843 intensity is obtained
at around 300 microns helium pressure. It is suggested that either a 2000
aluminum foil or carbon film be used to filter out the Lyman-O line which is
presént as an impurity. In addition, cooling of the anode is expected to
reduce the Lyman-0 line dramatically.

Conclusions. The previous paragraphs have described in detail the simu-
lation of important solar ultraviolet emission lines according to the most up-
to-date methods. Reference is now made to Table 24, column (13), which shows
that for a 1 meter in diameter chamber, Lyman p, C III, and Lyman € cannot be
simulated to an altitude higher than 130 km. The figures given in the table
are minimum wvalues which can be expected under normal circumstances in the
laboratory., TIf the slits of the monochromators are increased to 300p (30p
was used for the above figures), a resolution of about 108 can be expected
which can be easily tolerated with line emission light sources. Increasing
the slit width will, under these circumstances, increase the above-quoted
intensities by at least a factor of 10 which will enable all of the lines to
be simulated up to 130 km, with the exception of Lyman € which will be simu-
lated to an altitude of 125 km. Under the prescribed circumstances, this is
the best that can be done with a one-meter chamber, unless one resorts to a
smaller diameter which, in turn, will cause various instrumentation problems.

The previously described helium plasma light source theoretically should
emit at least two resonance lines, namely, He.I and He II; however, no data
are available concerning the He II line. It would, therefore, be advantageous
to check this experimentally, since one might be in a position to at least
partially simulate the 3048 1line at no additional expense,

Soft X-Ray Source Characteristics and Design

The energy distribution of the simulated solar X-ray (continuous) spec-
trum from a thick target should start at approximately 40A, the short wave-
length limit, and extend toward long wavelengths with a maximum at about
50 to 60A. The intensity will decrease beyond the maximum to a relatively
low value at about 100&. The short wavelength limit of the spectrum is in-
versely proportional to the potential applied between the cathode, or fila-
ment, and the target, and the wavelength characteristic of the continuous
spectrum is independent of the target material. The intensity of the spec-
trum, however, for a given current is dependent both on the target material
on the applied voltage, as well as on the thickness of the target. For a
given short wavelength limit, the necessary source voltage potential is
given by
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he _1.24 x 10'4

e . XE lz

V(volts) = (35)

where -27
h = Planck's constant = 6.625 x 10 erg.sec
¢ = velocity of light = 3,00 x 1010 cm/sec
e = (numerical electronic charge) = 1.6 x 10-12 ergs/volt
A, = short wavelength limit, cm

)7

For a short-wavelength limit of 402, V is 310. If the soft X-ray spectral
range is extended to 102, the applied voltage will then be 1.24 kV. For
hard X-rays (1 to 103), a potential of 12.4 kV is required.

The number of photons emitted from a target by a given incident electron
beam increases with the atomic weight of the target material and with the
voltage applied to the X-ray source. The efficiency of X-ray production €
is given by [113].

e=1.1x10"22z.v (36)

where Z is the atomic number of the target material and V is the applied
potential in volts. Thus the atomic number is another parameter to be con-
sidered in optimum design. TFor a tungsten target (Z = 74) and a potential
of 310 V, the efficiency is 2.5 x 107~ or 0.0025 percent.

Although the efficiency formula implies that it is not limited to any
particular range of electron energy, it was initially not clear that its
validity could be assumed into the soft X-ray region of interest here.
However, an order-of-magnitude calculation of the soft X-ray yield of a
conventional Bayard~-Alpert ionization gauge in terms of its well known
X-ray limit indicated that extrapolation into the soft X-ray range was
justified.

To obtain a simulated solar X-ray flux of 108 photons/cm2 sec at the
center of the chamber, approximately 45 cm_ from the X-ray source, it is
necessary that the source produce 2.5 x 1012 photons/sec, assuming an in-
tensity diminution factor based on the standard inverse square law. This
diminution factor represents an extreme case, since the X-rays will not be
produced isotropically at the target, but will be emitted within a more
narrow envelope. Accordingly the intensity will £fall off at a rate less
than 1/R2.
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The X~ray source must be operated at a current high enough to produce
2.5 x 1012 photons/sec. This plate or anode current is calculated from

I (amperes) = e . N (37)
where
. -19
e = electronic charge = 1.60 x 10 coulombs
N = electron beam flux = Qo/e

@O = X~-ray photon intensity at target
¢ = efficiency of X-ray production (from Equation (36))

Thus the formula for plate current may be rewritten

e . @O _ o
I = -9 =1.45 x 10 7 (38)
1.1 x 10 “"zv

or in terms of the short wavelength limit

I=1.2x10°% =22 (39)

For the present case (Z = 74, V = 0.3kV, @o = 2.5 x 1012 photons/sec) the
plate current is 16 mA.

Since there are no adequate soft X-ray transmission windows, the design
requires the soft X-ray source to be mounted inside the simulation chamber.
The leads will be connected to a power supply outside the chamber.

A typical source is a simple diode with a heated tungsten or rhenium
filament and an anode of tungsten or molybdenum (high atomic number). A
more sophisticated multiple-element soft X-ray source has recently been
described [114], which could be incorporated with advantage in the proposed
installation.

In the arrangement shown in Figure 40 an experiment is located in the
center of the simulation chamber and the soft X-ray source and Geiger

counter are at the extremes of the chamber diameter.

The characteristics of the soft X-ray source are tabulated in Table 27.
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TABLE 27

SOFT X-RAY SOURCE CHARACTERISTICS

Operating Voltage:

Operating Current:

Electron Beam Flux:

X-Ray Production Efficiency:
X-Ray Target Intensity:
Target:

Filament:

Operating Pressure in Chamber:
Solar Flux to be Simulated:

X~Ray Photon Flux at Simulation
Target:

X~Ray Photon Flux at Detector
Window:

Detector:

Location:

Distance X-ray Target to
Simulation Target:

Calibration:

0.3 kv (402 short wavelength limit)
16 mA

1017 electrons/sec

2.5 x 1072

2.5 x 1012 photons/sec

Molybdenum or Tungsten

Rhenium or Tungsten

< 10-4 torr

108 photons/cm2 - sec

o4

5
4

o 108 photons/cm2 - sec

2 x 107 photons/cm2 - sec

N

Geiger counter with 44 to 608 Mylar
window

Mounted inside chamber
~ 45 cm

Theoretical
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Simulation of Atomic Oxygen

As shown in Section III, realistic simulation of the density of atomic
oxygen can be accomplished over various portions of the D region by ultra-
violet photodissociation. Apart from a simple gas flow inlet-system, no
equipment additional to a xenon lamp producing radiation at 1471A is required.
However, as stated previously, a liner of low recombination rate, such as
pyrex or teflon will have to be inserted into the simulation chamber for this
experiment.

The measurement of the density of atomic oxygen can be performed by the
well-known titration method first suggested by Spealman and Rodebush [115]
and successfully used by Kaufman [l16] and also by Herron and Schiff [117].
Herzog [118] has recently undertaken an investigation into the absolute
measurement of atomic oxygen concentration by observing the heat of recom-
bination in a recombination cell. He reported that the agreement between
the titration method and the heat of recombination method was good. How-
ever, during experiments still in progress [119] where he compared the per-
formance of the recombination cell with mass spectrometric partial pressure
measurements [117 ] of 0%, 02F, NOt and NO2%, he noticed several discrepancies
which have yet to be resolved.

The production of oxygen with an atomic beam system external to the sim-
ulation chamber has been discussed in Section III. The equipment has been
described in great detail by Herzog [120] and can be added to the ionospheric
simulation facility at a later date if required.
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